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Kinetic regularities of hydrometallurgical recycling
of spent displays: behavior of indium

E.B. Kolmachikhina, O.B. Kolmachikhina, Ya.A. Yankina, Z.M. Golibzoda

Ural Federal University named after the First President of Russia B.N. Yeltsin
19 Mira Str., Yekaterinburg 620002, Russia

P4 Elvira B. Kolmachikhina (e.b.khazieva@urfu.ru)

Abstract: This article discusses the physicochemical regularities of indium leaching from the surface of glass plates of used displays in various
acids. The glass of used displays was pre-cleaned from polarizers and crushed. Their base is comprised of silicon and aluminum oxides. Indium
is presented in the form of In,053-SnO,. Indium content in the material obtained is 174.8 mg/kg. Individual solutions of sulfuric, hydrochloric
and methanesulfonic acids were used as leaching agents. The influence of concentrations of the mentioned acids (0.1—1.0 N), leaching duration
(10—60 min), temperature (298—353 K) and liquid-to-solid ratio (L : S = (7.5+15.0): 1 cm3/g) on the degree of indium extraction into solution has
been determined. Partial orders of reaction in terms of CH3SOsH, H,SO,4, HCl are 0.69, 0.67 and 1.10, respectively. In the course of experiments
an intensive increase in indium concentration was observed in the first 20—40 min fleaching in H,SO4 and HCl solutions. The process rate then
decreased and indium extraction actually did not increase, due to a fall in the amount of non-reacted indium. During leaching in 0.1-0.4 N
in CH5SO3H solutions, the rate of indium dissolution did not change throughout the experiment, since the amount of non-reacted indium gas
decreased insignificantly. The acids considered here can be ranked in the following ascending order of their efficiency for indium dissolution:
CH;SO;H, H,SO,4, HCI, which corresponds to the growth of strengths of these acids. An increase in the temperature led to a significant increase
in indium extraction. The apparent activation energies of In,0s dissolution in CH3;SO3;H, H,SO,4, HCl solutions have were calculated as equal to
51.4, 51.2,43.4 kJ/mole, respectively. It was established that with the use of HCl as leaching agent, the increase in the fraction of liquid phase in the
slurry from 7.5: 1 to 15: 1 cm®/g lead to fall in indium extraction by 2.4 times and the initial leaching rate by 3.2 times. It was demonstrated that
anincrease in L : S during indium dissolution in CH3;SO;H (from 7.5: 1to 15: 1 cm3/g) and H,SO4 (from 10: 1to 15: 1 cm3/g) is accompanied by
insignificant changes in extraction and initial leaching rate. Therefore, the studies performed demonstrated that indium leaching from glasses of
spent displays flows in mixed mode upon the use of HCl and in kinetic mode in H,SO4 and CH3;SO3;H solutions.

Keywords: indium, leaching, hydrochloric acid, sulfuric acid, methanesulfonic acid, kinetics, apparent activation energy, order of reaction
Acknowledgments: This works was supported by the Russian Science Foundation, Project No. 22-79-00129. https://rscf.ru/en/project/22-79-00129

For citation: Kolmachikhina E.B., Kolmachikhina O.B., Yankina Ya.A., Golibzoda Z.M. Kinetic regularities of hydrometallurgical recycling
of spent displays: behavior of indium. Izvestiya. Non-Ferrous Metallurgy. 2023;29(2):5—14.
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KuneTnuyeckue 3aKOHOMEPHOCTH THIPOMETAJLIYPrudecKoi
nepepadoOTKH OTCAYKMBIIMX JUCIJIEEB: MOBeIeHUE NHIUA

9.b. Koamauuxuna, O.b. Koamaunxuna, S1.A. SAnukuna, 3.M. I'oim6301a

Ypanbckuii penepaibublii yHuBepcuTeT uMeHu nepsoro Ilpesunaenta Poccun b.H. Eapuuna
620002, Poccus, r. EkatepuHOypr, yi1. Mupa, 19

4 DnabBupa bapeiesna Konmauuxuna (e.b.khazieva@urfu.ru)

AHHOTAIMSA: I/IBy‘-IeHbI (1)I/I3I/IKO—XI/IMI/I‘-ISCKI/IC 3aKOHOMEPHOCTH BbIIICTIAYUBAHNUA NHANA C TIOBEPXHOCTU CTCKIAHHBIX IMJIaCTUH 0Tpa60—
TaHHBIX TUCIIJIECB B Pas3/JIMYHbBIX KHCJIOTaXx. CrekJa OTCIYKUBIIUX OTUCIIICCB Obln NpeaABapyuTEIbHO OYUILICHBI OT IMOJIAPU3ATOPOB U
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u3Mesb4eHbl. UX OCHOBY COCTaBJISIIM OKCUIBI KPEMHUS U ajtoMuHus. MWt npeacrasieH B Buae coeanHenus In,03-Sn0O,. Cozep-
>KaHWe WHIWS B TOJTYYeHHOM MaTepualie cocTaBiisijio 174,8 Mr/Kr. B kauecTBe BbIIeIad4MBAIONIMX aT€HTOB UCTIOJb30BaIM MHAWBU YA Tb-
HBIE PACTBOPBI CEPHOM, COISTHOM U METAaHCYJIH(OHOBOI KUCIOT. YCTAaHOBJICHO BIMSTHUE KOHIIEHTPpAINii yKa3aHHBIX KucaoT (0,1—1,0 H),
MPOAOIKUTETbHOCTH BhiineaaunBanust (10—60 mun), temmnepatypsl (298—353 K) u cooTHouenust xuakoro K Teepaomy (XK : T =
= (7,5+15,0) : 1 cM?/r) Ha cTeneHb U3BIEUCHMS NHAMS B pacTBop. YacTHBIE MOPSIIKY PEaKLHil Mo CH;SO;3H, H,S0O,4, HCI coctaBunn
0,69, 0,67 u 1,10 cooTBeTCTBEeHHO. B X0I1€ 9KCIEPMMEHTOB HA0I01a10Ch MHTEHCUBHOE TOBBIIIEHE KOHIICHTPALIMU KHIKS B ITepBbie 20—
40 muH BblenaunBaHud B pactsopax H,SO4 u HCI, nocie yero ckopocThb nmpouecca CHUXaaach U U3BJIeYEHUE UHAMS MTPaKTUYECKU He
pOCJIO BCJIEACTBUE YMEHbIIEHNUA KOJIMYecTBa Henpopearnposasiiero uHaud. I1pu Beimenaynanuu B 0,1-0,4 H pactBopax CH;SO;H
CKOPOCTb PACTBOPECHUSI MHAMS HE MEHSIJIACh Ha BCEM TMPOTSIKEHU M 9KCIIEPUMEHTA BBUY TOTO, UTO KOJIMYECTBO HETIPOPEATUPOBABIIIETO
WHINSI CHUXKXAJIOCh He3HAUUTENbHO. MccaenyeMble KUCTOTHI MOXHO PACTIONOXUTH B CISAYIOMINIA PSI B TIOPsIIKE BO3pacTaHus uX 9 dex-
TuBHOCTU B pactBopenuun nuaus: CH;SOsH, H,SO,4, HCI, 4To cooTBeTCTBYeT pOCTy CUJI JaHHBIX KUCJIOT. YBeJIUUeHNE TeMIEepaTypbl
3HAYUTEJIbHO MOBBIIIANO U3BJICUCHUE UHAUA. PaccunTaHbl 3HaYeHMS KaXyIlUEeHcsl HEPrUM aKTUBaLMU pacTBopeHus In,O; B pacTBO-
pax CH;SOs;H, H,SO,4, HCI, coctasusmue 51,4, 51,2, 43,4 k/I:x/Mosb cooTBeTcTBeHHO. OOHApYyKEHO, YTO MPU UCTIOJIb30BAHUU B Kaye-
cTBe BhllIesaunBatouiero areHta HCl yBennueHue n0yiu XuaKoii ¢assl B ysbmne ot 7,5 : 1 no 15 : 1 CM3/1“ CHUKAJIO U3BJIEYEHUE UH U S
B 2,4 pa3a, a HauaJbHYI0 CKOPOCTb BblllIeTaunBaHus — B 3,2 pa3a. [TokasaHo, uto nossimenue XK : T npu pactBopenun uuaus 8 CH;SO;H
(c7,5:1m015: 1eM’/n)m H,SO4(c10:1m015:1 cM>/T) COMPOBOXIAETCST HE3HAUMTEIbHBIM M3MEHEHMEM H3BJICUCHU S M HA9aIbHOM CKOPO-
CTH BblleTaunBaHus. Takum o6pa3oM, MPOBEACHHbIE UCCIEI0OBAHMSI TOKA3aI1, YTO BbILIEIaYMBAHUE UHINS U3 CTEKOJ OTCIYKUBIIUX
JUCIIIeeB MPOTEKAET B CMEIIaHHOM pexume npu ucnonbzoaHu HCl u B kuHeTnueckom pexume B pactopax H,SO4 u CH3SO5H.
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Introduction

In the recent 20 years the structure of indium con-
sumption has significantly changed. This metal was pre-
viously mainly used for fabrication of alloys, electrical
components, and semiconductors. At the present time,
the major portion of indium is used in the form of in-
dium-tin oxide (ITO). The latter is the solid solution of
indium and tin oxides (90 % In,0;3, 10 % SnO,) cha-
racterized by semiconductor properties and transpar-
ency in visible light. Due to these properties ITO is es-
sential in production of LED and OLED displays, solar
cells, inter alia.

The main source of indium is zinc sulfide ore, with
a content of 1—100 g/t [1]. At the existing level of indi-
um consumption (about 1500 t/year) [2], its reserves in
mineral ores will be sufficient only for the next decade.
Used monitors are the most promising secondary source
of indium.

In Russia the reprocessing of used displays is lim-
ited to the disposal of boards and luminescent lamps.
At present displays are recycled only in a few countries
(South Korea, Japan, and Belgium) due to the low con-
tent of valuable metals and complex composition of
products.

Displays include several layers: polarizers, glass pla-
tes, liquid crystals. The glass plates are coated with ITO

6

layer with a thickness of 50—200 nm. The indium con-
tent in them is 100—350 mg/kg [2, 3]. On the reverse side
of glass substrate a polarizer layer from polyvinyl acetate
film is applied.

Preliminary preparation of glass plates before re-
processing can include the stages of crushing and
grinding [4]. However, the presence of polarizer film
makes disintegration more difficult. High temperature
processing at 7' = 453+493 K allows the polarizer to
be embrittled, thus increasing the efficiency of glass
crushing [4, 5]. Moreover, it is possible to separate ITO
particles from glass substrate by thermal processing at
T =923 K in 8—10 min and subsequently removing
the product by compressed air [6]. Other methods of
ITO concentrating include gravimetric separation
[4], floatation [7], abrasive processing of glass surface
[8, 9] and others.

Pyrometric techniques allow oxides of indium and
tin to be recovered [10, 11] and then distilled, including
in the form of chlorides [12]. Hydrometallurgical repro-
cessing procedures of glass plates include leaching in
various acids (sulfuric [8, 9, 13, 14], hydrochloric [15],
nitric [16], citric, malic [17]) with subsequent concen-
trating and separation of metals by liquid extraction [15,
18, 19] (di-(2-ethylhexyl) phosphoric acid, tributyl phos-
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phate) and sorption [20, 21] (Lewatit TP 208, Lewatit VP
OC 1026). The dissolution processes can be intensified
by oxidizing and reducing agents [22], as well as by ul-
trasound processing [6, 23, 24], and so on.

This work presents a comparative assessment of
the kinetics of indium leaching from the surface of
glass plates of spent displays in sulfuric, hydrochloric
and methanesulfonic acids. The latter is considered as
“green” organic acid due to its relatively low toxicity, bi-
odegradability, high boiling point and very low pressure
of saturated vapors [25, 26]. In addition, methanesulfon-
ic acid is characterized by high electrical conductivity,
and its salts are highly soluble in water [25]. In recent
years this acid has been considered as a leaching agent
in studies on the reprocessing of copper, zinc, bismuth
raw materials [26—28], as well as in the technology of
The Paroo Station (Australia) for lead extraction from
cerussite ore [29, 30].

The acids applied in this work are referred to as
strong: they can be arranged in the ascending order of
increase in their strength expressed in terms of the dis-
sociation constant (pK,;): CH3;SO;H (-1,86), H,SO,
(-=3), HCI (—7) |31, 32].

The aim of this work is to analyse the influence of
the concentration of acids, duration, temperature and
slurry density on physicochemical regularities of dis-
solution of indium from the surface of glass plates of
spent displays.

Experimental

Materials, equipment
and research methods

Glass from used monitors was first washed with wa-
ter, dried in air, then held at 463 K for softening and man-
ual removal of film. The cleaned glass was crushed in a
rod mill. After sieving, the —1 mm fraction of crushed
glass was separated for further experiments. After thor-
ough mixing of the material, a representative sample
was selected by means of quartering. This was then used
for subsequent chemical analysis using a novAA 300
atomic absorption spectrophotometer (AAS) (“Analytik
Jena”, Germany). The particle size of the material was
determined using a HELOS&RODOS Ilaser diffraction
analyzer of particle sizes (“Sympatec GmbH”, Ger-
many). The morphology of crushed glass samples and
their chemical composition were analyzed using a JEOL
JSM-6390LA scanning electron microscope (Japan),
equipped with a JED-2300 system of energy dispersion
microanalysis.

The main bulk of the material (>85 %) included par-
ticles of irregular shape with a size of less than 300 pum

(Fig. 1, 2). According to the data of elemental analysis
and previous studies [3, 12], the oxides of aluminum,
silicon, and calcium prevailed in the material. Indium

11 61 BEC

15kV X500 50pm

Number of measurement region
Element | 001 | 002 | 003 | 004 | 005 | 006
Content,%

Na 1.0 0.8

Mg 1.7 4.0 1.3
Al 2.8 8.6 129 19.1 202 143
Si 69.0 744 774 685 69.0 56.8
Ca 4.1 4.0 3.2 10.7 6.8 27.6
Mo 6.5

In 199 10.1

Sn 3.2 2.1

Fig. 1. SEM image and elemental composition of crushed
display glass

Puc. 1. COM-u3o6paxeHne 1 2IEMEHTHBII1 COCTaB
MU3MEJIbYCHHBIX CTEKOJI JUCTIICeB

s Differential distribution, %

400 600

Particle size, um

0 200

Fig. 2. Particle size distribution of crushed display glass

Puc. 2. I'panynomeTpuuecKuii cOCTaB M3MEIbYCHHBIX
CTEKOJI TUCTIIeeB
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and tin compounds were present on the glass surface
(points 7, 2 in Fig. 1), Molybdenum compounds were
present on the surface of conducting tracks (point 3,
Fig. 1). The crushed display glass contained, mg/kg:
In—174.8, Sn — 1.7.

In the experiments, H,SO, sulfuric acid (chemi-
cal pure grade), HCI acid (chemically pure grade) and
CH;SO3H  methanesulfonic acid (chemically pure
grade) were used. The initial solution of the acids were
prepared by distilled water dilution, and agitated using
a magnetic stirrer.

Leaching of crushed glasses

The leaching experiments were carried out in a
0.5 dm> thermostatic reactor at T = 298+353 K, © =
= 10+60 min, concentration of acids 0.1—1.0 N, lig-
uid to solid ratio L : S = (7.5+15.0) : 1 cm3/g. While
varying L : S, the mass ratio of hydrogen and indi-
um ions was maintained at a constant in the sample
(10 mg H*/1 mg In). Respectively, the concentrations
of acids in this series of experiments varied from 0.15
to 0.3 N.

Solutions of acids with preset concentration were
poured into the reactor, sealed, and heated to preset
temperature with continuous stirring. Then a sample of
material (20 g) was loaded into the reactor and the slurry
temperature was automatically maintained with an ac-
curacy of +2 K.

The slurry after leaching was filtered, and the cake
was washed with distilled water. Then the cake was treat-
edat 7= 363 K in 20 % solution of hydrochloric acid in
several hours for complete passing of metals into solu-
tion. Then the cake was also filtered and washed with
distilled water. Samples taken during leaching, filtrates
after leaching and treatment with acid. The washing wa-
ters were also analyzed for content of indium ions using
an AAS novAA300 (“Analytik Jena”, Germany). Total
indium extraction (oy,,) was assessed by its content in the
filtrates and washing waters.

Experimental data processing

The degree of indium extraction was assessed ac-
counting for volumes of taken samples using the follow-
ing equation:

C'Whex —Vap (i =D1+ X7 (CT)
GI

[
Oy =

100 %, (1)

n

where o}, is the degree of indium extraction at the
time of taking the i-th sample, %; C' is the concen-
tration of indium in the i-th sample, g/dm3; Viample 18

the sample volume, dm?; V;; is the initial volume of

leaching solution, dm3; and Gy, is the indium weight
in the sample, g.

The kinetic properties (partial orders of reactions,
apparent activation energy) were determined by detec-
tion of instant leaching rate at initial time (v,) by plot-
ting tangents to the curves oy, = f(t). The tangents were
plotted via the coordinate origin.

The generalizing equation for the rate of indium
leaching can be written as follows:

% = k(T,v)[C(0)]" [P(0)]" S(), 2

where k is the rate constant depending on tempera-
ture and, in the case of diffusion or mixed mode, on
speed of liquid motion with regard to the surface of
solid particles (v). C and n are the concentration of
acids and partial order in terms of concentration, re-
spectively. P and m are the slurry density and partial
order in terms of slurry density, respectively. S(o) is
the function describing the cumulative surface area of
reaction, as a function of extent of reaction behavior
(determine by the particle shapes and particle size dis-
tribution).

Results and discussion

The influence of concentration of acids
on indium extraction

The data obtained (Fig. 3) shows the changes in the
pattern of dependences oy, = f(t) in the case of various
acids. Thus, for instance, in H,SO, and HCI solutions
(Fig. 3, a, b) in the first 20—40 min of leaching, the in-
tensive dissolution of indium was observed. Then the
process rate significantly decreased due to a decrease in
the amount of non-reacted ITO (see Fig. 3, a, curves 3,
4 and Fig. 3, b, curves 2—4), also in the concentration
of H" ions (Fig. 3, a, curves 7, 2 and Fig. 3, b, curve 1).
In the case of 0.1—0.4 N CH3SOsH solutions, the plots
oy, =/ (1) were a straight line. The rate of indium dissolu-
tion actually did not change throughout the experiments
(Fig. 3, ¢) due to low extraction and the high amount of
non-reacted indium.

At a relatively low concentration of leaching agents
(0.1—0.2 N), the indium extraction in 60 min was higher
in HCI solutions (o, = 50+100 %) than in solutions of
H,S0, (0o, = 43+76 %) and CH;3SO3H (04, = 25+39 %).
With an increase in the acid concentration to 0.4—1.0 N
already at 40 min, the indium is extracted nearly com-
pletely into H,SO, and HCl solutions (o, = 97+100 %).
On the other hand, its extraction (o, = 84 %) with the
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Fig. 3. Indium recovery as a function of leaching duration at different concentrations of H,SO, (a), HCI () and CH;SOzH (c)
T=333K;L:S=10:1cm/g; Cpigs N:0.1(1),0.2(2), 0.4 (3) and 1.0 (4)

Puc. 3. BiusiHue NpoaoKMTebHOCTH BbIllIeIa4MBAaHUS HA U3BJIeUEHUE MHAMS IPU pa3audHbIX KoHUueHTpauusax H,SO, (a),

HCI (b) u CH5SO3H (¢)

T=333K; K:T=10:1cM/5; Coponon H: 0,1 (1), 0,2 (2),0,4 (3 1 1,0 (4)
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Fig. 4. Determination of partial orders of indium leaching
reactions in different acids

1-H,80,, 2— HCl, 3— CH;SO;H

Puc. 4. OnipesieieHre YaCTHBIX MTOPSIIKOB PeaKInii
BbIIIEJAYMBAHUSI MHAUSI B Pa3JIMYHBIX KMCIOTaX
1-H,S0,, 2— HCI, 3— CH;SO;H

use of CH;SO;H was achieved only at Cepyy50,n = 1.0
and in 60 min of leaching.

Partial orders of indium leaching in terms of H,SOy,,
HCl and CH;SO3H, were determined by the angle coef-
ficients of lines plotted in 1gvy—IgC coordinates (Fig. 4),
were 0.67, 1.10 and 0.69, respectively.

The values obtained for oy, and the regularities of
their variation are in good agreement with the dissoci-
ation coefficients of acids. Thus, HCI was dissociated
nearly completely, and its apparent extent of dissociation
varies insignificantly with an increase in concentration,
contrary to H,SO, and CH3SO3H. The increase in HCl
concentration leads to proportional increase in CH,
hence to an increase in o, vy. In H,SO4 and CH;SO;H
solutions, the release of free H ions is restricted by inte-
rionic interactions.

The influence of temperature
on indium extraction

A temperature increase from 298 to 353 K naturally
leads to increased indium extraction from H,SO,4, HCl
and CH;SOsH solutions by 83, 87 and 67 %, respectively
(Fig. 5). At low temperatures (298—313 K), the efficien-
cy of CH5SO;H was minimum .At 7'= 298 K, the indi-
um oxide in fact did not dissolve, and at 313 K it did not
exceed 10 % (Fig. 5, ¢).

The minimum indium extraction at 77 = 353 K,
Cicigs = 0.2 N was obtained with the use of CH;SO;H
(70 % in 60 min), and the maximum extraction was

9
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Fig. 5. Influence of leaching duration on Indium extraction as a function of leaching duration in H,SO, (a), HCI (b)

and CH;SO;H (c) solutions at different temperatures

L:S=10:1cm/g; Cypigs=02N; T, K: 298 (1), 313 (2), 333 (3) and 353 (4)

Puc. 5. BausHue npoaoKUTEeIbHOCTH BblLLEIa4MBaH S Ha U3BJIeYeHe nHaus B pactsopax H,SOy (a), HCI (b)

n CH;SO;H (¢) npu pa3nnyHbIX TemIiepatypax

K:T=10:1eM/r; Copenor = 0,2 1; T, K: 298 (1), 313 (2), 333 (3) 1 353 (4)

in HCI solution (100 % in 60 min). During leaching
in H,SO,4 and HCI solutions at 7' = 353 K, the ma-
jor portion of indium was dissolved in the first 10—
20 min.

The kinetic regularities obtained allowed the appar-
ent activation energy (£,) of indium oxide dissolution
in various acids to be calculated (Fig. 6): H,SO, —
51.2 kJ/mole, HCl — 43.4 kJ/mole, CH;SO;H —
51.4 kJ/mole. The values E, for the reactions of In,0;
with H,SO, and CH;SO;H are sufficiently close and
in combination with the obtained values of partial or-
ders in terms of acids evidence process run in Kinetic
mode. Most probably, the leaching in these acids is
limited by their dissociation with subsequent inter-
action of H* ions with ITO. Similar E, of In disso-
lution in H,SO,4 was obtained in [34]. The apparent
activation energy of In dissolution in HCI solution and
the partial order in terms of acid, the process runs in
mixed mode.

The influence of slurry density
on indium extraction

In this series of experiments the indium behavior
was assessed at various slurry densities, maintaining a
constant flow rate of hydrogen ions and slurry temper-
ature. The results obtained (Fig. 7) confirm the signi-
ficant influence of diffusion on indium leaching from
ITO in solutions of hydrochloric acid. With an in-
crease in the fraction of liquid phase in the slurry (from
7.5:1t015:1 cm3/g) oy, decreased by 2.4 times, and

10

Igv, [mM/min]
5

1000/7, K '

Fig. 6. 1gv as a function of 1/7 for determination of apparent
energy activation of indium dissolution in different acids

1—H,S0,, 2— HCI, 3 — CH,SO;H
Puc. 6. I'padpuku 3aBucumoctu Igyy ot 1/T

JJId OoNpeaciCcHU A Kaxymeﬁc;l QHEPTUU aKTUBall1
pPaCcTBOPEHUA MHAWA B pa3JIMYHBIX KUCJIOTaX

1-H,80,, 2— HCI, 3— CH,;SO;H



13BecTig By30B. LiBeTHOS METAAAYPIUNS o 2023 o T.29 o N22 e C.5-14

KoamaynxmHa 3.6., KoamauumxmnHa O.b., SIHKkmnHA SLA. n Ap. KWHeTnYeckme 3aKoOHOMEPHOCTU TMAPOMETAAAYPINYECKOM NepepaboTKU...

aln’ %
100

a

207
2 3 |

0 T T
7.5:1 10:1 12.5:1 15:1

L:S, cm’/g

Ly, MM /min

<& ° 3
10 ¢ —
0 T T
7.5:1 10:1 12.5:1 15:1
L:S, cm3/g

Fig. 7. Extraction (at T = 20 min) (@) and initial leaching rate from solutions of different acids () as a function

of slurry density
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1-H,S0,, 2— HCI, 3— CH;SO;H; T=333K

v, decreased by 3.2 times. In solutions of sulfuric acid
with an increase in the fraction of liquid phase from
7.5:1to0 10 : 1 cm?/g, oy, decreased by 12 %, and v,
by 6 mmol/min. Upon further increase in the volume
of liquid in the slurry (L : S = (10+15) : 1) both pro-
perties varied insignificantly. In the solutions of metha-
nesulfonic acid in overall L : S range, oy, varied by 5 %,
and v, by 2 mmol/min.

Therefore, upon indium leaching in H,SO4 (L: S =
= (10+15) : 1) and CH3SO3H (L : S = (7.5+15) : 1) solu-
tions, the influence of slurry density was minimum.

Conclusions

The studies performed aimed at establishing the
influence of acids (H,SO,4, HCI and CH;SOsH), their
concentrations (0.1—1.0 N), temperature modes (298—
353 K), slurry density (L : S =(7.5+15.0) : 1) and leaching
duration (10—60 min) of used monitors demonstrated
the fundamental influence of these parameters on Kki-
netics of indium extraction into solution. The following
conclusions were obtained on the basis of the obtained
experimental results.

1. In the overall range of the considered acids, a high
efficiency of hydrochloric acid was detected. Using this
acid, 100 % indium extraction was achieved in 40 min

of leaching in 0.4 N solution at 7= 333 K. The increase
in the HCI concentration to 1.0 N decreased the process
duration to 10 min.

2. An increase in the leaching temperature allows
significant improvement in indium extraction. The va-
lues of apparent activation energy of indium leaching ob-
tained show evidence of the predominant process in Ki-
netic mode with the use of sulfuric and methanesulfonic
acids, and in mixed mode upon leaching in hydrochlo-
ric acids.

3. An increase in the fraction of liquid phase in the
slurry (at constant flow rate of hydrogen ions to indium)
leads to a decrease in extraction and initial rate of in-
dium dissolution in hydrochloric acid solutions. During
leaching in solutions of sulfuric and methanesulfonic
acids, an insignificant influence of slurry density on
extraction and initial rates of indium dissolution was
observed.
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Abstract: The quality of cast parts produced by investment casting is largely determined by the quality of the ceramic molds. Currently,
aircraft and engine building enterprises are switching to an environmentally friendly colloidal silica binders for the manufacture of
ceramic molds. In this work, the dynamic and relative viscosity of slurries prepared using fused silica powder and colloidal silica binders
of the VT13-02U (Vakuumteh LLC), Stavroform VS (Polymet LLC), UltraCast One + and UltraCast Prime (both Technopark LLC)
manufacturers were determined. It is shown that the slurries prepared on the considered binders have similar viscosity values, and in
their rheological properties they are close to Newtonian liquids. The values of dynamic and relative viscosity at a binder content of 400
mL per 1 kg of fused silica powder were ~732 mPa-s and ~380 s, respectively. With an increase in the binder content to 600 mL per 1 kg of
fused silica powder, the dynamic and relative viscosity decreased to ~70 mPa-s and ~16 s, respectively. An equation was also found that
relates the dynamic viscosity determined using a rotational viscometer and the relative viscosity determined using the VZ-4 viscosimeter.
The mechanical properties were determined during three-point bending tests on ceramic samples obtained using slurries on the above-
mentioned colloidal silica binders and fused silica stucco. Samples obtained on binders VT13-02U, Stavroform VS and UltraCast One+
showed very similar bending strength values, namely 3.5—4.3 MPa after drying and 5.8—6.1 MPa after firing. Due to the presence of a
polymer addition in the binder, the ceramic samples obtained on the UltraCast Prime binder had higher values of bending strength after
drying and after firing — 6.4 and 7.2 M Pa, respectively. It was also shown that with an increase in the viscosity of the slurry and a decrease
in the fraction of fused silica stucco, the strength of the samples increases. The lowest surface roughness was observed for samples obtained
with UltraCast grade binders.

Keywords: investment casting, nickel superalloy castings, colloidal silica binder, fused silica powder, slurry, viscosity, mechanical
properties
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AHaJM3 CBOICTB CyCIIeH3UM U KepaMUKH
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HA BOJHOM OCHOBE
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AnHoranusa: KauecTBo JUTBIX AeTasieil, MU3TOTOBJIEHHBIX METOLOM JIUThsl MO BBIMJIABASIEMbIM MOJEISIM, B 3HAUUTEIbHOI Mepe ompene-
JISIeTCsl KauecTBOM KepaMuueckux ¢hopM. B HacTosliee BpeMst MpeaNpusiTHsI aBUa- U JBUTATEIECTPOCHU S MEPEXOISIT Ha IKOJOTMYECKHU
06e30ImacHOe BOIHOE CBSI3YIOIee ISl U3TOTOBJCHUST KepaMuueckux ¢hopm. B paGoTe ornpeneseHbl fTMHaMU4YecKast U YCJIOBHAs BI3KOCTH
CYCIIEH3U 1, MPUTOTOBJICHHBIX C MCIOJb30BAHUEM ITBIJIEBUIHOIO IJIABJIECHOIO KBaplia U OTEYSCTBEHHBIX BOIHBIX CBSI3YIOIIMX MapoK
BT13-02Y (OO0 «Bakyymrex»), CraBpocdopm BC (OO0 «ITonmumet»), UltraCast One+ u UltraCast Prime (OOO «TexHomnapk»). [Toka-
3aHO, YTO TIOJyYEeHHBIE CYCTICH3MU UMEIOT OJIM3KUe 3HAUEHU S BSI3KOCTHU U 10 CBOUM PEOJIOTUUYECKUM CBOMCTBAM OJTM3KU K HHIOTOHOB-
CKWM XUIKOCTSIM. 3HAUCHU ST TMHAMUYECKOU U YCIIOBHOU BSI3KOCTHU TIPU colepKaHu M cBs3yiomiero 400 M Ha | KT MbLIEBUIHOTO KBapIia
coctaBuiu ~732 mIla-c u ~380 ¢ coorBeTcTBeHHO. [Ipu yBenueHU comepxkanHust csi3ytoiero 10 600 M Ha | KT MBIJIEBUIHOTO KBapiia
BSI3KOCTh cHM3uUIach 10 ~70 mIla-c u ~16 ¢ cooTBeTcTBeHHO. TakXke ObIJIO BBIBEICHO ypaBHEHUE, CBSI3bIBAIOIICE TUHAMUYECKYIO BSI3-
KOCTb, OTIPEIeIEHHYIO C MTOMOLIbIO POTALIMOHHOTO BUCKO3MMETPa, U YCIOBHYIO BSI3KOCTh, YCTAHOBIEHHYIO C TTOMOIIIbIO Tpubopa B3-4.
Brinu ompeneneHbl MexaHMYeCKUe CBOMCTBA MPU MCIBITAHUSIX Ha TPEXTOYCUHBII U3r1MO KepaMUYecKUX 00pa3lioB, MOJYYEHHBIX C UC-
M0JIb30BAHUEM CYCTIEH3MI Ha yKa3aHHBIX BbILLIE CBSI3YIOLIMX U OOCBINKYM U3 MJaBAeHOTo kBapua. O6pa3Lbl, MOJyYeHHbIE Ha CBS3YIO-
wux BT13-02Y, Craspodopm BC u UltraCast One+, mokasasiu oueHb 0JIM3KKE 3HaUeH U1 TpoyHocTH: 3,5—4,3 MIla nocie cymku u 5,8—
6,1 MIla mocne nmpokaiku. M3-3a HaaWuyMsi B COCTaBe CBSI3YIOLIETO MOJIMMEPHOI 1006aBKM KepaMUveckue oOpasiibl Ha CBSI3YIOIEM
UltraCast Prime numenu 6oJiee BICOKME 3HaYEHMST TPOUHOCTH Ha M3TMO IMOCJe CYIIKHW M Mocje Mpokajiku — 6,4 u 7,2 MIla coorBeTt-
cTBeHHO. Takke ObIJIO MOKa3aHo, YTO C YBEJIUYCHUEM BSI3KOCTU CYCIIEH3UM U yMeHbIIeHHeM (GpaKIMy MJIaBJICHOr0 KBapiia MpOYHOCTh
KepaMUUECKHUX 00pa3ioB Bo3pacTaeT. M3 Bcex pacCMOTPEHHBIX CBSI3YIOIIMX HAMMEHbIIIAsT IIEPOXOBATOCTD MMOBEPXHOCTH HAOII01aIaCh
y 00pa3uoB, MoJIyueHHbIX ¢ UcTiojib3oBaHueM cBsasyoommnx UltraCast.

KuoyeBbie cJ10Ba: TMThE MO BBITMIABISIEMBIM MOJIEJISIM, XapOMPOYHbIe HUKEIEBbIe OTIMBKY, BOAHbBIE CBSI3YIOIIKE, MbIJIEBUIHBINA KBapI
nnasiaeHblid (ITKIT), cycrieH3us, BI3KOCTb, MEXaHUYECKHE CBOMCTBA

Baaronapuoctu: Pabora BelnoTHeHa TTpy GUHAHCOBOI MOIEepXKKe MUHKUCTepCcTBA HAYKK U BhIciero oopa3oBaHusi Poccuiickoii Deme-
panuu B pamkax [locranosnenus [IpasutenbctBa Ne 218 1o cormaieHuo o mpepoctaBieHun cyocunuu Ne 075-11-2022-023 ot 06.04.2022 1.
«Co3aHue TeXHOJOTUU U3TOTOBICHUSI YHUKATbHBIX KPYITHOra0apUTHBIX OTIIMBOK M3 XapPOMPOUYHBIX CIIJIABOB TSI Ta30TyPOMHHBIX [[BU-
rareJieii, OpUEHTUPOBAHHOI Ha UCITI0JIb30BAHUE OTEUECTBEHHOTO 000PYI0BAHU S M OPTraHU3AI[MI0 COBPEMEHHOTO pecypco3dheKTUBHOTO,
KOMITBIOTEPOOPUEHTUPOBAHHOTO TUTEIHOTO MTPOU3BOICTBA>.

Jng uutupoBanus: baxeHos B.E., KopbiiikuHa E.I1., CanHukoB A.B., Koatsirun A.B., Ten [.B., Puxckuii A.A., benos B.J., Jlaza-
peB E.A. AHaJIu3 CBOMCTB CYCIIEH3UU U KEPAMUKH JUISI TUThS 10 BITIJIABISIEMbIM MOJIEJISIM, TTOJTYYEHHBIX HA OT€YECTBEHHbIX CBA3YIOLLIMX
Ha BOIIHOIT ocHOBe. M3secmus 8y306. Lleemnas memannypeus. 2023;29(2):15-28. https://doi.org/10.17073/0021-3438-2023-2-15-28

Introduction

Casting quality plays a critical role in ensuring the ings with high dimension accuracy and smooth sur-
overall reliability of an aircraft engine. One of the key face finishes.
determinants of casting quality is the quality of ce- Two binders are commonly used for making cera-
ramic molds used in the investment casting process. mic molds for investment casting of large nickel super-
These molds must be of high quality to produce cast- alloy parts. The first binder is based on a hydrolyzed
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solution of ethyl silicate, which is typically dissolved
in ethanol or a mixture of ethanol and isopropanol.
The second binder is an aqueous colloidal solution of
silica [3]. Currently, foundries are increasingly adopt-
ing aqueous colloidal silica binders [4]. These bin-
ders contain Na-stabilized amorphous SiO, particles,
which form silica gel as moisture is removed, thereby
bonding the stucco particles together to create the ce-
ramic mold [5—7].

Binders containing hydrolyzed ethyl silicate solu-
tions are unsuitable for advanced, unattended foundries
because organic solvents used in these binders are high-
ly flammable. The latest environmental regulations ban
the use of ethyl silicate due to health hazards associated
with the organic solvents and ammonia vapors used in
the curing of ceramic molds [5, 7, 8]. In contrast, aque-
ous colloidal silica binders are environmentally friendly
and well-suited for unattended production facilities. Ad-
ditionally, they are cost-effective and can reduce casting
costs [9—12].

Fused silica powder (FSP) can be used as a compo-
nent of slurry to make ceramic molds for casting large
nickel superalloy parts. Fused silica (FS) with various
particle sizes is used as stucco [13, 14]. Alumina is not
typically used as stucco for large castings due to its high
density which can result in overly heavy molds. Fused
(amorphous) silica is preferred because it has a thermal
expansion coefficient that is approximately 27 times less
than that of crystalline silica [15, 16].

However, colloidal silica binders have some disad-
vantages compared with hydrolyzed ethyl silicate bind-
ers, including a tendency to sedimentation, slow drying
of the slurry, and poor wettability of wax clusters [10].
To address these issues, additional components such as
polymers, surfactants, defoamers, anti-gelling agents,
and ceramic shell drying indicators are added to the
slurry, and sometimes to the binder [17]. Despite these
drawbacks, ceramics made with advanced hydrolyzed
ethyl silicate or a colloidal silica binders exhibit similar
strengths [5].

The viscosity of the slurry for the first ceramic shell
layer is a crucial factor affecting the surface quality of
the mold [18, 19]. An increase in dynamic viscosity of
the slurry results in thicker layer, which can complicate
drying and lead to mold cracking [20]. The dynamic vis-
cosity of the slurry is influenced by factors such as tem-
perature, stucco fraction and stucco particle size distri-
bution [20].

Strength is the primary property of the ceramic
mold. The mold must be sufficiently robust before fir-
ing in order to allow pattern removal, and after firing
in order to bear the weight of the liquid metal. However,

the strength after firing should not be excessive to avoid
hot tearing in alloys and to facilitate mold knockout [3,
21]. The strength of the shell mold is directly depend-
ent on slurry properties, as well as the technology em-
ployed in slurry preparation and application. If there is
insufficient wetting of the slurry filler with the bind-
er, the shells may not reach the required strength and
could crack [19].

The use of colloidal silica binders without any addi-
tives results in very low strength of the green (unfired)
molds, which are prone to cracking during wax pattern
removal and other processes. For this reason, liquid pol-
ymer additives, such as either latex (for alkaline binders)
or polyvinyl acetate (PVA) based (for acidic binders) are
commonly used [21, 22].

The gas permeability of the ceramic mold is affected
by the particle size of the stucco used. The permeability
of the first layer is particularly important [22]. There-
fore, it is crucial to examine the viscosity of the slurry
and the strength of ceramic mold samples made using
stuccos with varying particle size distributions.

Currently, domestic manufacturers utilize casting
equipment from the leading global vendors. The equip-
ment is designed to work with imported binders exclu-
sively. However, high-quality binders from domestic
vendors are available on the market. The aim of this
study is to evaluate the viscosity of the slurries made with
domestic colloidal silica binders and analyze the impact
of refractory particle size in stucco on the mechanical
properties and surface finish of ceramic molds.

Materials and methods

Analysis of binder properties.
Preparation of slurries and viscosity
measurements

We utilized four types of aqueous binders man-
ufactured in Russia, namely VT13-02U (Vakuum-
tech, Moscow), Stavroform VS (Polymet, Togliat-
ti), UltraCast One+, and UltraCast Prime (Tech-
nopark, Moscow), to prepare the slurries. To de-
termine the density of the binders, we weighed on
analytic scale a known volume (50 mL) of each
binder using a burette. The pH of the binders was
measured using a HI83141 pH meter from Hanna
Instruments (USA).

The slurries were prepared by mixing 400 mL of
the aforementioned binders with 1 kg of FSP with
a particle size of 0.045 mm (Kefron, Russia). After
mixing, the slurry was allowed to incubate for 24 h
to ensure proper wetting of the FSP particles with

17



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ VoI. 29 « No.2 e P. 15-28

Bazhenov V.E., Kovyshkina E.P., Sannikov A.V. et al. Analysis of the slurry and ceramic properties for investment casting obtained...

the binder and to release any trapped air. Then it was
stirred for 10 min to uniformly distribute the FSP
particles. The viscosity of the slurry was measured
and after the 50 mL of binder was added. This enable
us to determine the viscosity of the slurry containing
400, 450, 500, 550, and 600 mL of the binder per 1 kg
of FSP.

To measure the viscosity of the slurries, we used two
different viscosity measurements procedures.

1. The relative viscosity was estimated using a
VZ-4 capillary tube viscometer (nozzle diameter and
cup height: 4 mm) according to state standard GOST
9070-75. The relative viscosity is directly proportional
to the slurry flow time. Each measurement was repeated
2—3 times.

2. The dynamic viscosity was measured using a
DV2TLV rotary viscometer (Brookfield, USA). The
slurry (binder) was poured into a 400 mL glass beak-
er. We used LV-1 (#61) and LV-3 (#63) spindles for a
15—400)-10° mPa-s viscosity range [23]. The spindle
rpm ranged from 10 to 200.

Particle size measurements
of fused silica powder and fused
silica refractory

We conducted an estimation of the particle size dis-
tribution of FS by employing a set of sieves in accord-
ance with GOST 29234.3-91 state standards. Specif-
ically, a 01412 vibration sieve (Litmashpribor Usman
Foundry Equipment Company, Russia) was utilized for
this purpose.

To determine the particle size distribution of the FSP
we used microphotographs taken with a Vega 3 SBH
scanning electron microscope (Tescan, Czech Repub-
lic). We measured particle areas on the microphoto-
graphs with the aid of ImageJ 1.52a software (Nation-
al Institutes of Health, USA). This software computed
particle diameter and volume based on their areas. Af-
ter that, we determined the volume fraction of particles
within each size range.

Manufacturing the samples.
Three-point bending tests.
Roughness measurements

We prepared ceramic square samples for bending
tests [24]. The slurry was made with VT13-02U, Stav-
roform VS, UltraCast One+, and UltraCast Prime
binders with 20, 40, and 60 seconds relative viscosity,
as measured by the VZ-4 viscometer. The wax pattern
made of the paraffin/stearin 50/50 compound (Fig. 1)
was coated with the slurry and dust by stucco of fused
silica grades FS 0.25—0.4 mm, FS 0.4—0.6 mm, and
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FS 0.5—1.0 mm (Kefron, Russia). The applied slurry
and stucco were removed from the upper face (sur-
face A) of the wax pattern with a knife. The ceramic
sample was formed in cavity B. Each layer was air-dried
at room temperature for 2 h. The number of layers var-
ied from 5 to 9 depending on the slurry viscosity and
the FS particle size.

The wax pattern was removed in boiling water.
We produced six 40x1x20x1x8+*1 mm ceramic
samples for each FS particle size range (FS 0.25—
0.4 mm; FS 0.4—0.6 mm, and FS 0.5—1.0 mm
grades) and relative viscosity of the slurry (20, 40 and
60 s). Three of the six samples prodused as a single

Fig. 1. Wax pattern for the production of ceramic samples

Puc. 1. BockoBast Moaesb 1Jis TOJIyYeHU ST KEpaMUUECKUX
00pas3ioB

Fig. 2. Ceramic samples for the mechanical tests
after firing

Puc. 2. Kepamunueckue o0pa3siibl 1ocjie NpoKajJlkKu
IUJTSI MEXaHUYEeCKUX UCITbITAaH Ui
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batch underwent firing as follows: heated to 900 °C
over 1.5 h, held at this temperature for 2 h, and cooled
in the furnace with the door open. The remaining
three samples were tested before firing (“green”) af-
ter air drying for 24 h. Fig. 2 illustretes the samples
after firing.

We employed a 5966 universal testing machine
(Instron, USA) to conduct three-point bending tests in
accordance with the ASTM C1161-13 standard. The dis-
tance between the supports was set at 21 mm, and the
loading rate was maintained at I mm/min.

The surface roughness of the samples was as-
sessed using an M300C profilometer (MarSurf, Ger-
many).

Results and discussion

Properties of the binders

The table presents the density and pH levels of the
binders. The density values are nearly identical, falling
between 1.15—1.16 g/cm>. The pH values, which range
from 9.8 to 10.6, confirm the alkaline nature of the
binders. It is worth noting that the measured density and

Volume fraction, %
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The density and pH of investigated binders

[MnotHOCTH U BenuuuHa pH uccieayemMbix CBS3YOIINX

Binder Density, g/cm? pH
VT13-02U 1.16 9.8
Stavroform VS 1.15 10.2
UltraCast One+ 1.16 10.6
UltraCast Prime 1.15 10.3

pH values fall within the ranges specified by the manu-
facturers.

Particle Size Distribution
of the FSP and FS

In Fig. 3, a the particle volume fractions of the FSP
0.045 mm grade fused silica powder are presented. The
particles exhibit a size of 0 to 60 um. Their size distribu-
tion is irregular, deviating from a normal distribution.

In Fig. 3, b the sieving residue for the FS are de-
picted. The FS 0.25—0.4 mm and FS 0.4—0.6 mm

Weight fraction, %
100 A

b —a—/

T T L
wy o
28 2 g 8 g
=] gc <) -

Sieve residue, mm

Fig. 3. Distribution of FSP 0.045 mm silica powder particles by size (a) and fused silica sieve analysis results (b)

1—-FS0.25-0.4 mm, 2— FS 0.4-0.6 mm, 3 — FS 0.5-1.0 mm

Puc. 3. PacripenesieHre 4acTHII O pa3MepaM B MbIIeBUIHOM TiiaBieHoM KBapiie [TKIT 0,045 MM (@) u pe3ybTaThl pacceBa

MJIaBJIeHOTo KBapua Ha cuTax (b)
1—-T1K 0,25-0,4 mm, 2 — T1K 0,4—0,6 mm, 3 — TTK 0,5—1,0 mm
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grade refractories show that the bulk of the material is
retained on the 0.315 and 0.4 mm sieves, which con-
forms to the FS specifications. For the 0.5—1.0 mm
fused silica, its particles are distributed almost equal-
ly between the 0.4 and 0.63 mm sieves and the meas-
ured values are in line with the FS 0.5—1.0 mm grade
specifications.

Slurry and binder viscosity
measurements

In Fig. 4 the slurry viscosity is plotted against the
binder content (in mL) per 1 kg of fused silica powder,
with the viscosity of the binders indicated. The viscosity
was measured using a rotational viscometer. The viscos-
ity of the binders increased as the spindle rpm increased,
indicating that they behave like non-Newtonian flu-
ids. No significant difference was detected between the
viscosities of the binders, which fell within the range
of 6—8 mPa-s for 75 rpm (v), and 11—13 mPas for v =
= 200 rpm. It is known that binders are non-Newtonian
fluids, and their viscosity decreases as the shear rate in-
creases [20]. However, we observed an inverse relation-
ship, which may be attributed to the flow turbulence at
high spindle speeds.

It is known that a higher binder viscosity leads to a
higher slurry viscosity for the same filler/binder ratio
[25]. In our study, the viscosities of the binders were al-
most the same. The authors of [20] investigated the vis-
cosity of the Ludox SK binder using a similar method,
and obtained a fairly close value of 7 mPa-s. As shown
in Fig. 4, the slurry viscosity remains almost unaffect-
ed by the spindle speed, except for the low range (up to
50 rpm), indicating that the slurries behave like Newto-
nian fluids.

In order to determine the slurry viscosity, the aver-
age viscosity over the range of 50—200 rpm was taken
since the viscosity did not change much in this range.
Fig. 5, aillustrates the relationship between the viscos-
ity of the slurries and the binder content, expressed in
mL per 1 kg of FSP. It can be observed that the slur-
ries containing the majority of the binders have com-
parable viscosities. The viscosity versus binder content
relationship follows a logarithmic trend, as shown by
the nearly linear curve plotted in a logarithmic scale.
However, the VT13-02U grade binder exhibits a steep-
er curve, and slightly lower viscosity values. It is worth
noting that all the binders have a similar SiO, content,
and any variations in the viscosity of the slurries could
be due the addition of polymers or other additives to
the binder [26].

The cause of the viscosity variations could not be
reliably determine. Studies [27, 28] have suggested that
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as the mixing time increases, the slurry viscosity also
increases due to water evaporation into the environ-
ment and the friction heat generated in the slurry and
in the mixer. Temperature and humidity fluctuations
in the test room may also contribute to the viscosi-
ty differences, particularly for colloidal silica binder
slurries, as they lead to non-uniform evaporation of
water and non-uniform viscosity changes. Typically,
the differences in the slurry viscosities are attributed
to the densities and viscosities of the binders, with the
latter having a greater impact on the viscosity of the
slurry mixture than the density [25]. However, in this
study, the viscosities and densities of the binders are
very similar, indicating that the viscosities of the slur-
ries containing different binders will be approximately
equal.

It is widely recognized that the viscosity of the slurry
increases in proportion with the ratio of filler to binder
[25]. Specifically, when the binder content is increased
from 400 to 600 mL per 1 kg of fused silica powder,
the resulting viscosity drops from 550—870 to 60—
80 mPa-s, respectively, indicating tenfold decrease. This
viscosity level determines the velocity and uniformity of
the slurry’s flow over a pattern or underlying ceramic
layer [17], and higher viscosity levels produce a thicker
first layer [25].

Relative viscosity, as measured by the slurry flow
time through a nozzle of a specific diameter, is a
standard metric used in the casting industry. Fig.5, b
displays the relative viscosity values of slurries meas-
ured using the VZ-4 viscometer. The viscosities of
all slurries are near similar, with the exception of the
VT13-02U binder, which was also observed in rotary
viscometer readings. However, in this case, the rotary
viscometer readings were lower than those of the other
binders, whereas the VZ-4 viscometer readings were
significantly higher.

We can infer from these observations that the re-
lationship between viscosity and binder content (in
mL) per 1 kg of FSP is non-linear. At higher binder
contents, the rate of viscosity change decreases. In-
creasing the binder content from 400 to 600 mL per
1 kg of fused silica powder leads to a viscosity drop
from ~380 to ~16 s, respectively, or about a 24-fold
decrease.

Casting specifications typically call for relative
viscosity levels between 20 and 70 s, depending on
the layer number. Higher viscosity levels are required
for the first layers, with viscosity levels decreasing in
subsequent layers. A high viscosity results in a thicker
and denser layer, which is particularly important when
wetting is insufficient during the application of the first
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layer [25, 27]. Additionally, high slurry viscosity pro-
vides a smooth finish for the first layer [27]. Previous
research has shown [18] that when the relative viscos-
ity of a slurry falls below 35 s, surface defects occur in
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the ceramic mold, regardless of the fused silica stucco
grain size. To achieve a defect-free ceramic surface, it is
necessary to increase slurry viscosity and decrease the
stucco particle size.
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Fig. 4. Viscosity of slurry prepared with binders: VT13-02U (a), Stavroform VS (b), UltraCast One+ (c), UltraCast Prime (d),

depending on the amount of binder

1 — binder without refractory, 2 — 400 mL, 3 — 450 mL, 4 — 500 mL, 5— 550 mL, 6 — 600 mL

The amount of binder is given per 1 kg of silica powder

Puc. 4. BI3KocTb cycreH3uu, NIpurotoBiaeHHoi Ha cBsa3ytomnx BT13-02Y (a), CtaBpodopm BC (b), UltraCast One+ (c)
u UltraCast Prime (d), B 3aBUCMMOCTH OT KOJIMUECTBA CBSI3YIOLIETO

1 — cBs3yroniee 6e3 HarmoaHUTeNs1, 2 — 400 M1, 3 — 450 mut, 4 — 500 M1, 5 — 550 mut, 6 — 600 Mt
KomnuuecTBo cBsi3yiolero npuBeieHO Ha | KT MbLIEBUIHOTO KBAPLIEBOTO MUKPOIIOPOILIKA

21



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ VoI. 29 « No.2 e P. 15-28

Bazhenov V.E., Kovyshkina E.P., Sannikov A.V. et al. Analysis of the slurry and ceramic properties for investment casting obtained...

Slurry dynamic viscosity, mPa-s
1000

PR ]

100
—O0— |
4 _o_ 2
—0—3
—— 4
10 T T T T T T T T T
400 450 500 550 600

Binder content, mL

Slurry relative viscosity, s

1000
b
100
—O0— I
——2
—0—3
—0— 4
10 T T T T T T T T T
400 450 500 550 600

Binder content, mL

Fig. 5. The viscosity of the slurry, determined using the rotational viscosimeter () and a VZ-4 viscosimeter (b),

depending on the content of the binder per 1 kg of silica powder

1—VT13-02U, 2 — Stavroform VS, 3 — UltraCast One+, 4 — UltraCast Prime

Puc. 5. Bsa3kocTh cycrieH3uu, orpenejieHHas ¢ TOMOIIbIO pOTallMOHHOTO BUCKO3UMETpa (a) 1 BuckKo3umeTpa B3-4 (b),
B 3aBUCUMOCTH OT COJCPXKAHMUSI CBSI3YIOLIEro Ha | KT MMKPOIMOpPOLIKa

1— BT13-02VY, 2 — CraBpocdopm BC, 3 — UltraCast One+, 4 — UltraCast Prime
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A binder content ranging from 450 to 600 mL per
1 kg of FSP produces a slurry with a relative viscosity
within the recommended range (20—70 s).

Since we have measured both the relative viscosity
(using the VZ-4 viscometer) and the dynamic viscos-
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Fig. 6. Comparison of the viscosity of the slurry, determined
using the VZ-4 viscosimeter (X) and a rotational
viscosimeter (Y)

1—VT13-02U, 2 — Stavroform VS, 3 — UltraCast One+,

4 — UltraCast Prime

Puc. 6. CooTHollIeHUE MEX 1Y 3HAUSHUSIMU BSI3KOCTU
CYCTICH3U U, OTNIPEICICHHBIMHU C TTOMOIIbIO BUCKO3UMETpa
B3-4 (X) u poraiiuonHoro BuckozumeTpa (Y)

1—BT13-02V, 2 — CraBpocdopm BC, 3 — UltraCast One+,
4 — UltraCast Prime

ity (using the rotary viscometer), it is worthwhile to
examine the correlation between these two parameters
for the slurries investigated. Fig. 6 displays the curve
of dynamic viscosity (measured in mPa-s) versus rela-
tive viscosity (in seconds), as well as the equation that
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can be used to convert relative viscosity (X) to dynamic
viscosity (Y). The equation shown in Fig. 6 can be sim-
plified to:

Y=33x12,

Three-point bending tests
and roughness tests results

The flexural strength values of the ceramic sam-
ples after drying and firing are presented in Fig. 7.
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--0--1 a
| --0--2
—-A--3
S —
—— 5
| —a—s

Slurry relative viscosity, s

Flexural strength, MPa

--0--1 c
] --0--2
--A--3
84 —— 4
—— 5
| —A— 6
6 ?
—_— /:’
4 -ZZ-Il--"
2= T T T T
20 30 40 50 60

Slurry relative viscosity, s

The impact of slurry viscosity and fused silica par-
ticle size on the flexural strength was evaluated for
each binder. In most cases, the strength of the sam-
ples increased with an increase in the slurry viscosity
and decrease in FS particle size. Decreasing the size
of the FS particles facilitated an increase in the con-
tact area between the stucco particles, thereby im-
proving strength.

Regarding the effects of slurry viscosity, it appears
that an increase in viscosity results in a greater amount
of binder remaining on the previous layer before the

Flexural strength, MPa
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Fig. 7. Flexural strength of ceramic shell specimens obtained with binders: VT13-02U (a), Stavroform VS (b),
UltraCast One+ (c), UltraCast Prime (d) as dried (I—3) and after firing (4—6)

Fused silica fraction: FS 0.25—0.4 mm (1, 4), FS 0.4—0.6 mm (2, 5), FS 0.5—1.0 mm (3, 6)

Puc. 7. IIpouHocTb Ha U3TUO KepaMMUUYECKUX 00pa30B, MoJyudeHHbIX Ha cBs3ywomux BT13-02V (a), CraBpodopm BC (b),
UltraCast One+ (¢), UltraCast Prime (d), B coctossHuu nocie cymku (I—3) v mpokaiku (4—6)

Dpaknus riasieHoro kapia: 11K 0,25—0,4 mm (1, 4), T1K 0,4—0,6 mvm (2, 5), [1K 0,5—1,0 mm (3, 6)
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stucco application. This leads to an increase in the vol-
ume fraction of solidified binder relative to the stucco
content in the ceramcs. A previous study by authors [29]
has also reported an increase in ceramic strength with an
increase in slurry viscosity.

Fig. 8 depicts the flexural strength of ceramic sam-
ples containing various binders at an slurry viscos-
ity of 40 s and FS 0.4—0.6 mm fused silica grade,
after drying and firing. For samples obtained with
VTI13-02U, Stavroform VS, and UltraCast One+
binders, the flexural strength after drying ranges
from 3.5 to 4.3 MPa, and after firing, 5.8 to 6.1 MPa,
resulting in a 1.5x increase due to ceramic firing.
Typically, the strength of “green” ceramics is approx-
imately half of that after firing [17, 18, 25], which is
consistent with our results and those reported in pre-
vious studies [10, 17, 24].

It is noteworthy that the strength before firing
is primarily determined by the wax penetration in-
to small defects and pores as wax is not entirely re-
moved by dewaxing in boiling water [30]. We used the
paraffin/stearin 50/50 wax; high strength filled waxes
may result in higher strength of the green sample.

The properties of ceramics made with the Ultra-
Cast Prime binder are slightly different. The strengths
after drying and firing are 6.4 and 7.2 MPa, respec-
tively, which is higher both before and after firing
in comparison to ceramics made with other binders.
Previous studies [26] suggest that adding a polymer
to the binder results in higher flexural strength of the
“green” ceramics equivalent of that of the fired sam-
ple. The higher strength of the ceramics containing
the UltraCast Prime binder is attributed to the addi-
tion of a polymer into binder to increase the strength
before firing.

The most common flexural strength values for ce-
ramic molds are 3—10 MPa [10, 17, 24, 31]. The test-
ed binders generally provide the required strength
values for ceramic molds even before firing, with the
exception of slurries with low relative viscosity (~20 s)
and coarse fused silica stucco (FS 0.5—1.0 mm).

Increasing the mold firing temperature can result in
the formation of cristobalite [14], which may increase
the strength of the ceramics but also increase the ther-
mal expansion coefficient, making it undesirable [14].
Another method to increase the strength of ceramics
(from 15 to 40 MPa) is by adding alumina powder as a
filler to the slurry, along with alumina refractory as the
stucco [9].

In terms of surface roughness the ceramic sam-
ples obtained with the VT13-02U and Stavroform
binders exhibited similar values, with R, = 25+ 2
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Fig. 8. The flexural strength of ceramic shell samples
obtained with various binders after drying (I) and firing (2)
at a slurry viscosity of 40 s and a fused silica fraction

FS 0.4—0.6 mm

Puc. 8. [IpouHocTh Ha U3TMO KepaMUueCKNX 00pa3oB.,
TOJTyYeHHBIX Ha PA3IUYHBIX CBSI3YIOIINX, B COCTOSIHUSIX
nociae cymku (1) v npokanaku (2) mpu BI3KOCTH
cycrieH3uu 40 ¢ u ppakLMU MJaBJIEHOro KBapua

11K 0,4—0,6 Mmm

and 26 £ 3 um, respectively, falling within the con-
fidence interval. The ceramic samples obtained us-
ing the UltraCast Prime and UltraCast One+ bin-
ders dispayed lower R, values: 15 £ 1 and 21 £ 2 um,
respectively.

The domestic colloidal silica binders exhibit similar
properties to hydrolyzed ethyl silicate binders, but with
the added benefits of being non-flammable and environ-
mentally friendly [5, 7—9, 12]. This enables their use in
the production of ceramic shells for making castings on
automated and robotic lines, after correction of techno-
logical parameters, which are selected for each binder
separately.

Conclusion

The study focused on the viscosity of the slurries
made with colloidal silica binders (VT13-02U, Stav-
roform VS, UltraCast One+, and UltraCast Prime)
and fused silica powder, as well as on the flexural
strength of the ceramic samples produced from these
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slurries with fused silica stucco. The results are as
follows.

1. The slurries are close to Newtonian fluids with
similar viscosities. Specifically, at binder contents of
400 and 600 mL per 1 kg of fused silica powder, the
average dynamic viscosity is ~732 and ~70 mPa-s, res-
pectively.

2. The increase the binder content from 400 to
600 mL per 1 kg of fused silica powder results in a sig-
nificant decrease in relative viscosity from ~380 to ~16 s,
respectively (up to 24 times). The relationship between
the relative (X) and dynamic (Y) viscosities can be ex-
pressed by the following equation: Y= 33X 172,

3. The flexural strengths of the samples which con-
tain the binders VT13-02U, Stavroform VS, and Ult-
raCast One+ are similar, with values ranging from 3.5
to 4.3 MPa after drying and 5.8 to 6.1 MPa after firing.
For the UltraCast Prime binder, the flexural strengths
after drying and firing are 6.4 and 7.2 M Pa, respectively.
The high strength observed in “green” state of the
UltraCast Prime binder may be due to the presence of
polymer additives in the binder.

4. The strength of the samples, both after drying and
firing, increases with increasing slurry viscosity and de-
creasing fused silica stucco particle size.

5. The surface roughness of the ceramic samples
containing the VT13-02U and Stavroform binders was
found to be R, = 25 + 2 and 26 £ 3 pm, respectively. In
contrast, the ceramic samples made with the UltraCast
Prime and UltraCast One+ binders exhibited lower sur-
face roughness values of 15+ 1 and 21 £ 2 um, respec-
tively.
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Structure and strain state
of aluminum bars at the initial phase
of extrusion
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Abstract: The structure of insufficiently deformed areas at the non-steady phase of extrusion was studied. The tests at Kamensk
Uralsky Metallurgical Works using a 120 MN press and 800 mm dia. container, in order to extrude a 355.6 mm dia. Bar was
performed. The bar material is the AI-Mg—Si AD33 aluminum alloy (GOST 4784), similar to ASTM 6061. The percentage
reduction was 80 %, and the reduction ratio was 5.06. After that, the macrostructure, microstructure, and average grain size
along the radius, mechanical properties at room and elevated temperatures were investigated. It was found that the extruded bar
macrostructure is fine-grained, homogeneous, and dense, with no nonmetallic or intermetallic inclusions. The cross-section
contained several structures. The central part is weakly deformed preserving the dendritic cell structure inherited from the casting.
At the circumference, a streaked structure is formed. Its components are crushed and uniformly distributed. We measured the
strength at elevated temperatures and compared the results to the data available in the literature. The tested material strength
almost doubled, thus indicating its incomplete softening. The ductility was also performed. The DEFORM-2D software, in order
to simulate the low reduction of extrusion was used. The metal at the circumference is exposed to a greater strain from the extrusion
beginning. A step-by-step analysis indicated that at the first step, the strain is localized near the die hole. In the second step, a
rigid area is formed in the vicinity of the die/container liner interface. The circumference layer of metal with a 1.75—2.00 reduction
of area is formed. At the bar center, this range is 0.75—1.00 (half of the circumference value). In the third step, the circumference
layer with an elevated strain has a wedge-like shape. In the fourth step, the circumference layer (with elevated strain) has an
equal thickness along the extrusion axis. This indicates the steady phase. The plastic strain at the bar front end is higher at the
circumference than in the center. This confirms the structural analysis results. They show that the central part of the bar may
retain its cast structure, while the circumference is deformed. If the bar central part is required to have some specific properties,
the bar has to undergo another manufacturing operation to increase the accumulated strain. Re-extrusion processes the areas
insufficiently deformed during the first extrusion.

Keywords: extrusion, plastic strain, metal structure, heterogenic properties, finite element modeling, simulation
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AHHOTaMsA: BbIsIBJIeHBI OCOOEHHOCTU CTPOEHUSI 30H HEIOCTATOYHOM IMPOpPabOTKM MeTaJljla B HeCTallMOHAPHOM CTaJuu MPecCoBaHUS.
B ycnoBusix OAO «KaMeHcK-YpaibcKuit MeTannyprudyeckuit 3aBoa» (Poccust) Ha npecce HOMUHaAbHbIM ycuauem 120 MH BblnojiHEHO
TmpeccoBaHMe CIUTKA M3 KOHTeiiHepa nuamMeTpoM 800 MM ¢ MoTydyeHreM MpyTKa [uaMeTpoM 355,6 MM. Martepual cIuTka — aJlloMUHU-
eBolii crimaB AJ133 (FTOCT 4784) — anasnor criaBa 6061 mo cranmapty ASTM cucremsr Al-Mg—Si. OTHOCHTENbHOE 00XATUE B TAKOM
npotiecce coctanisiio 80 %, a KoadduineHT BRITSKKYM — 5,06. JlanbHeiiiee uccaeqoBaHue BKIOYAIO0 U3yYeHUEe MAaKPOCTPYKTYPbI, MU-
KPOCTPYKTYPBI BIOJb paguajbHOl KOOPAUHATHI, ONpeeeHrue CPpeJHero pa3Mepa 3epHa BAOJIb pajiualbHON KOOPAMHATBI, UCTIBITAHUS
MEXaHMYECKUX CBOMCTB NMpU KOMHATHON M MOBBIILIEHHON TeMIeparypax. YCTaHOBJIEHO, YTO MAaKPOCTPYKTYpa BbIXOJHOM YacTH MpyTKa —
MEJIKO3E€PHUCTAs, OMHOPOAHAS, TJIOTHAS, HEMETAJUIMUYECKUE U MHTEPMETAJJIMIHbIE BKJIIOUEHU I OTCYTCTBYOT. OTHAKO 110 TTOTIEPEUHOMY
CEUYCHUIO BBISIBIIEHA Pa3HOCTPYKTYPHOCTD: B IIEHTPE CTPYKTYpa JAEMOHCTPUPYET cllabonedOopMUpOBaHHOE COCTOSIHUE, COXPAHSIST PUCY-
HOK CTPOEHUSI IEHIPUTHBIX sTYeeK, YHACTEAOBAHHBIX OT JIUTHS; HA TTepudepun CTpyKTypa UMeeT CTPOUEUHOE CTPOSHUE, €€ COCTABIISIIO-
1[Me Majoro pasMepa U paBHOMEpPHO pacrpeaeeHbl. [lonyyeHbl 3HaueHUsI TPOYHOCTHBIX CBOMCTB MPH MOBBIIIEHHBIX TEMIEpaTypax u
BBITMOJHEHO CPaBHEHUE C U3BECTHBIMU U3 JIUTEPATypbl JaHHBIMU. MaTepuas B ONbITax OKa3aJjcs MpoyHee MoYTHU B 2 pa3a, 4YTO TOBOPUT O
€ro HernoJHOM pa3yrnpoyHeHUU. TakKe BbIITOJIHEHO CpaBHEHME MJACTUUYECKUX CBOMCTB. B pacueTHOI YacTu ¢ MOMOILIbIO MTPOTPaMMHO-
ro moayiass DEFORM-2D npoBeieHO YMCAEHHOE MOACIMPOBAHUE MTPECCOBAHUS C MaJIbIM KO3(hGUIIMEHTOM BbITSIXKU. BbIsIBIEHO, 4TO
MeTaJll Ha Tiepudepun MoaBepraeTcst Oobllelt cTeneHn feopMaIiuy ¢ caMoTo Havasa mpoiecca. OTcaekMBaHUe CUTYaIUH T10 I1araM
1oKa3ajo, YTO Ha MepBOM Inare AedopMaly JOKaTU30BaHbl BOJM3U OTBEPCTUSI MATPUIILI, HA BTOPOM — HaOJII0aJIoCch 00pa3oBaHue
JKECTKOI 30HbI B OKPECTHOCTH CThIKA MaTPUIIbl M paboueii BTYJKM KOHTelHepa. B nepudepuitHoii 061acTi yCTaHOBUJICS CJIOW MeTaJja
co cteneHblo feopmaunu 1,75-2,00. B To ke Bpems B LeHTpe 3TOT AMana3oH cHusuics 1o 0,75—1,00, T.e. 3HaueHU S OKa3aJUCh TPAKTU-
yecku B 2 paza MeHblue. Ha TperbheM 1iare nepudepuitHblii CJI0# C MOBBIILIEHHBIM YPOBHEM JiehopMallMi UMEET KJIMHOOOpa3Hyio (hopmy,
Ha yeTBepTOM — repudepuitHblii (C MOBBIIIEHHON cTeneHblo nedhopMalm) CJIOK UMEET PaBHYIO TOJIIMHY BIOJb OCHU PECCOBAHUS, UTO
TOBOPUT O HACTYTIJICHUU CTAIIMOHAPHOI cTaauu. [IsI mepenHero KoHIa MpyTKa Ha Tiepudepun moKasaTeab MIacTuIecKon nedopmannu
BBIIIIE, YeM JIJISI IEHTPAJIbHOM YacTh. DTO MOATBEPXKAAET Pe3yabTaThl CTPYKTYPHOTO aHaau3a, rae OblIo MOKa3aHo, YTO B LIEHTPAaTbHOI
YACTU MOXET COXPAaHSThCS JIUTasl CTPYKTypa, B TO BpeMsl Kak Ha nepudepu BO3HUKAIOT BCe MPU3HAKM HATUYUs 1e(POPMUPOBAHHOTO
coctosiHUsl. TakM 00pa3oM, eciu BO3ZHMKAeT He0OXO0JUMOCTb UCIIOIb30BaHMSI TOM YACTU 3aTOTOBKHY B KaYeCTBE MaTepuasa ¢ Heobxo-
JIIMMBIM YPOBHEM CBOWMCTB, TO MPUAETCSI TPUMEHUTH TEXHOJOIMUYECKY IO OTepaliuio C yBeJMYeHeM HAKOTIJIEHHOM CTerneHu neopMaliuu.
[1pu 3anIaHMpPOBaHHOI MOBTOPHOI 00pabOTKe MPEeCCOBAaHMUEM CO3A0TCS YCIOBUS ISl MPopabOTKU obyacTeit MeTaiia, HEAOCTATOUHO
nedopMUpPOBaHHBIX ITPU TTIEPBUYHOI 00paboTKe.

Kuxouessie coBa: mpeccoBaHue, miactuueckas aedbopmanus, CTpyKTypa MeTaljia, HeOMIHOPOAHOCTb CBOMCTB, METOI KOHEUHBIX 2JIEMEH-
TOB, YMCJIEHHOE MOJICTMPOBaHME
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Introduction
and problem statement

Extrusion is a common manufacturing process used
for making aluminum or other light metal parts [1].
The process should be quickly adjusted to make new
parts since the product range can be extremely exten-
sive. This means replacing just one tooling for extru-
sion — the die. Moreover, extrusion improves metal
ductility by irregularly compressing the metal from all
sides. Indeed, the ductility of aluminum alloys is often
low [2]. The extrusion process is required in order to in-
crease ductility [3, 4].

On the other hand, extrusion results in a irregular-
ly strain distribution [5], especially in the initial phase.
This phase is commonly referred to as unsteady. It be-
gins with closing the opening between the bar and
tooling, and the metal expanding and filling the extru-
sion container [6, 7]. Next, the bar front endis pushed
through the opening in the die. At this phase, the strain
gradually penetrates the metal. However, the compres-
sive stress is not yet high enough which may lead to
cracking [8].

Finally, the process reaches the steady phase. This is
when the strain field is stabilized. There is a chance to
obtain consistent metal properties and structure the en-
tire bar length [9], although some inconsistencies across
the cross-section will most likely remain [10—12]. In
this case, the bar outer shell experiences extensive strain,
which may lead to cracking [13].

A question arises: how long is the unsteady phase? We
need to know this, in order to determine which bar part
meets the specifications.

Few studies address this question. It should be noted
some papers about this topic [14, 15]. Finite element
modeling can be used to simulate the stresses and strains
in real extrusion processes [16, 17].

The study purpose is to identify the structure of in-
sufficiently deformed areas at the unsteady extrusion
phase.

Industrial
test conditions

The tests was performed at Kamensk Uralsky Met-
allurgical Works using a 120 MN press and 800 mm
dia. press container, in order to extrude a 355.6 mm
dia. bar. The bar material is the AI—Mg—Si AD33
aluminum alloy (GOST 4784), similar to ASTM 6061.
Its required chemical composition is (wt.%): 0.8—
1.20 Mg; 0.4—0.8 Si; 0.04—0.35 Cr; 0.15—0.40 Cu.
The actual metal composition was as follows (wt.%):

1.0 Mg; 0.6 Si; 0.14 Cr; 0.19 Cu; 0.58 Fe; 0.10 Mn;
0.02 Zn; 0.06 Ti. Some of the elements are acceptable
impurities.

The percent reduction was 80 %, and the reduction
ratio was 5.06. After the test, we studied:

— macrostructure;

— microstructure along the radius;

— average grain size along the radius;

— mechanical properties at room and elevated tem-

peratures.

For the tests, the samples was cut off from the front
end of the bar. Fig. 1 shows the metal macrostructure
(1/4 cross-section). The bar front end macrostruc-
ture is fine-grained, homogeneous, and dense, with no
non-metallic or inter-metallic inclusions.

The bar front end macrostructure is dense, with
no non-metallic or inter-metallic inclusions in the
cross-section. We identified several structures in the
cross-section:

— the center (Fig. 2, a) is weakly deformed, preserv-
ing the dendritic cell structure inherited from the cast-
ing;

— the same structure is at half of the radius (Fig. 2, b)
from the center;

— at the circumference (Fig. 2, ¢), a streaked struc-
ture is formed. Its components are crushed and uni-
formly distributed.

The streak structure indicates that the main elonga-
tion occurs along the extrusion axis. In the cylindrical
coordinate system, the other principal strains (tangent
and radial) are compression strains.

The average grain size at the bar center at half of the
radius from the center was 190 pm, and 30 pm at the

Fig. 1. The bar front end macrostructure, 355.6 mm dia.
(1/4 cross-section)

Puc. 1. MakpocTpyKTypa BBIXOJIHOI YaCTU MpyTKa
nuameTpoM 355,6 MM (TTomepeyHOe ceueH e,
YeTBEPTh TEMILJIETA)
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Fig. 2. The bar microstructure in polarized light. Bar center (@), at half of the radius from the center (b), and the circumference (c)

Puc. 2. MukpocTpyKTypa B MOJISIpM30BAaHHOM CBETE MPyTKa B LIEHTPE (@), Ha TTOJIOBUHE panuyca (b) u Ha nepudepuu (c)

circumference (6x difference). It indicates inconsistent
penetration of the strains along the radius. The smaller
the grain size, the larger the strain.

Fig. 3 shows the strength vs. temperature curve.
There is a large (up to 94 %) difference between the
ultimate tensile strength and offset yield strength at
room temperature. However, it drops sharply at ¢t =
= 300 °C. The strength decreases as the temperature
increases.

The comparison was made for the measured
strength values at elevated temperatures to those re-
ported by other researchers. Chinese researchers [18]
performed static tests (0.001 s~! strain rate) with the
6061 alloy at t =450 °C. The yield stress was 18 MPa.

This value is similar to the yield offset measured
with the procedure proposed by A.V. Tretiakov and
V.I. Zyuzin [19]. The tested material strength almost
doubled, thus indicating its incomplete softening.
The authors of the paper [18] suggested that the sof-
tening in the temperature range which they studied
is caused not by recrystallization, but by dynamic
recovery.

Fig. 4 shows the ductility properties of the alloy. This
relationship is non-monotonic in contrast to strength.
The test values was compared to the available results for
the AD33 alloy. For example, according to matweb.com,
alloy 6061 (AD33 analog made to the ASTM stand-
ard) after annealing has 124 MPa tensile strength and

0 Stress, MPa
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120 4
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60 -
40 -

20
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20 300

Fig. 3. Strength vs. test temperature curve
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Puc. 3. 3aBuCUMOCTb MPOYHOCTHHIX CBOMCTB OT TEMITEPATyPhl UCTIBITAHU I
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Fig. 4. The bar front end ductility vs. test temperature

Puc. 4. [Toxazaresu MJIaCTUYHOCTY MEPEIHEN YaCTU MPYTKa B 3aBUCUMOCTH OT TEMITepaTypbl UCTIBITAHU I

55 MPa yield strength. The experimental values were
134 and 69 MPa (8 % and 25 % higher), respectively,
i.e. the strength exceeded the standard values for the an-
nealed alloy.

The matweb.com database indicates the relative
elongation at break for the alloy is 30 %. The relative
elongation at break that we measured is 19 %, which is
less than the rated value by 100-(30 — 19)/30 = 37 %.
This means that the bar front end after extrusion is par-
tially hardened. The hardening is more intense at the
circumference. It is confirmed by greater grain refine-
ment among other things.

The relative reduction of area can be used to estimate
the shear strain at break and to plot the fracture diag-
ram [20].

Fig. 4 shows that the relative reduction of area in-
creases sharply as the metal is heated: at = 300 °C it is
65 % and remains high (74—86 %) at 450—480 °C. This
enables the subsequent metal forming without crack-
ing. It is assumed that the extruded bar front end will
be re-extruded at the next process stage. The high strain
during extrusion will further enhance the metal struc-
ture to its final form.

Simulation

The above conclusion can be confirmed by sim-
ulation of the metal behavior during extrusion with a
small area reduction. DEFORM-2D software was used.
The stress-strain simulation model was axisymmetric.
The thermal boundary conditions were as close as possi-
ble to the actual values:

— bar temperature: 470 °C;

— press container temperature: 450 °C;

— die and pressure pad temperature: 380 °C;

— ambient temperature at the die hole: 20 °C;

— convective heat transfer coefficient: 0.02 N/s/mm/°C;

— overall heat transfer coefficient: 11 N/c/mm/°C.

The coefficient values and UoMs are as indicated in
the software UI.

The extrusion ram velocity was 3.7 mm/s. The
boundary conditions are expressed as Siebel law for
the 0.7 friction coefficient. The reason for this is the
high normal stress typical of extrusion. The container
and die diameters were 800 mm and 355.6 mm, re-
spectively, identical to the industrial test (see above).
The more detailed problem statement is presented
in [21].

Fig. 5 shows the simulation results as equal strain re-
gions. Indeed, the metal at the circumference is exposed
to a greater strain degree from the beginning of extru-
sion. This is because the bar front end is extruded first
as an undeformed, rigid plug with a diameter equal to
the die diameter. Then the strain rate increases inwards.
This process is gradual and slow.

Fig. 5, a—d shows the steps of this sequence and the
color strain scale (Fig. 5, e)

In the first step (Fig. 5, a), the strain is localized near
the die. In the second step (Fig. 5, d), a “dead” (rigid)
area is formed in the vicinity of the die/container liner
interface. The circumference metal layer with a 1.75—
2.00 reduction of area is formed. Concurrently, this
range is 0.75—1.00 (half of the circumference value) at
the bar center.

In the third step (Fig. 5, ¢), the circumference layer
with an elevated strain has a wedge-like shape. Its thick-
ness is increased, i.e., the process is not yet at the steady
phase. The extruded length-to-bar diameter ratio is 2. In
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Fig. 5. Strain distribution vs. the bar front end relative extruded length (Ilength to diameter ratio)

a—0.5,b—1.0,¢—2.0,d— 3.0, e — effective strain color scale

Puc. 5. VIsmeHeHue KapTUHBI pacIipeieIeHusI cTerneHu neopMay o Mepe BbIJaBIMBaHUS MTepeIHEro KOHIa IMPyTKa
Ha OTHOCUTENBHYIO JJIUHY (OTHOIIIEHUE €r0 IJINHBI K TUaMeTpY)

a—0,5,b—1,0,¢c—2,0,d— 3,0, e— uuBeToBas 111Kaja crereHu aecdopmaruu strain effective

the fourth step, the circumference layer (with elevated
strain) has an equal thickness along the extrusion axis.
It indicates the steady phase. The strain in the center is
now in the 1.00—1.25 range.

The estimated strain as the logarithm of the reduction
ratio (the logarithm of the bar area before/after extrusion
ratio) is 0.7. The FEM analysis gives slightly excessive
strain values, since the shear strain is also included, but
the reduction ratio is ignored.

In general, the color-coded strain patterns show that
at the steady phase. The plastic strain at the bar front end
is higher at the circumference than in the center [22].
It confirms the above structural analysis results. They
show that the bar central part may retain its cast struc-

34

ture, while the circumference is deformed.

If the bar central part is required to have some
specific properties, the bar has to undergo another
manufacturing operation to increase the accumulated
strain.

Conclusion

The structural analysis of the hot-pressed 6061 alu-
minum alloy bar front end showed that the front end has
an inconsistent grain size distribution. The central part
contains large grains. The grain size decreases towards
the circumference.

The hot sample tests revealed a sufficiently high duc-
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tility of the extruded bar front end. The bar is suitable for
re-extrusion to process the areas insufficiently deformed
during the first extrusion.
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Abstract: This article presents experimental results of resistance against fracture upon static tension of cast aluminum matrix composites
based on aluminum with various content of Al,O5 strengthening phase. The cast aluminum matrix composite materials were produced
by the technology based on burnout of aluminum melt upon interaction with oxygen. Two batches of ingots with various content of solid
phase were smelted for tests of static strength. The average particle size of strengthening phase of predominantly prismatic morphology was
60—80 um, and their content varied from 15 to 25 %. The fracture surfaces obtained upon static uniaxial tension of the considered samples
were studied on the samples destroyed at maximum stress. The fracture surfaces were analyzed using an optical microscope with expanded
options due to improved long-focus system and digital processing of images based on unique procedure of 3D structure analysis. For in-
depth analysis of characteristic fracture region a scanning electron microscope was used equipped with energy and wavelength dispersive
elemental analyzers. It was established in the studies that in the samples with lower content of dispersed phase, the fracture is characterized
by mixed heterogeneous in terms of macrogeometry pattern. This can be interpreted as dry fibrous fracture with visible crystalline pimples
and breakaways. With an increase in the solid phase, a mixed, sufficiently homogenous in terms of macrogeometry, fracture pattern of
fanlike fibrous structure can be observed. Crystalline pimples were also detected of a different fracture surface area, as well as breakaways
of other geometrical sizes. The features of changes in the relief of fracture surface and the fracture mechanisms of the obtained composites
have been detected and described.

Keywords: cast aluminum matrix dispersion strengthened composite material (DSCM), corundum, tension, transcrystalline fracture,

intercrystallite fracture, macrostructure, microstructure, deformation
Acknowledgments: This work was supported by the Russian Science Foundation, grant No. Ne 22-13-20009, https://rscf.ru/project/22-13-20009/

For citation: Mylnikov V.V., Chernyshov E.A., Romanov A.D., Mylnikova M.V., Zakharychev E.A., Ryabov N.A. Structure and tensile
fracture mechanism of aluminum matrix composites produced by internal oxidation. [zvestiya. Non-Ferrous Metallurgy. 2023;29(2):38—48.
https://doi.org/10.17073/0021-3438-2023-2-38-48

© 2023 V.V. Mylnikov, E.A. Chernyshov, A.D. Romanov, M.V. Mylnikova, E.A. Zakharychev, N.A. Ryabov

38



13BeCTng By30B. LIBETHOS METAAAYPIUS o 2023 o T.29 o N22 e C, 38-48

MbinbHMKOB B.B., YepHbilwos E.A., PomaHOB A.A. nAp. CTRYKTYPO U MEXAHN3M POA3PYLLEHNS AAIOMOMOTPUYHBIX KOMMO3UTOB, MOAYYEHHbIX...

CTpyKTypa ¥ MeXaHU3M pa3pylieHUus
AJTIOMOMATPUYHBIX KOMIIO3UTOB, MOJYyY€HHbIX METOI0M
BHYTPEHHEr0 OKHCJIEHHS, IPU PACTAXKEHUH

B.B. MbLibnukoB', E.A. ‘Iepm,lmosl, AL POMaHOBz, M.B. MbuibHHKOBa

E.A. 3axapsiues'’, H.A. Psi6os'

! Huxeropoackmii rocyaapcTBeHHbI apXUTEKTYPHO-CTPOUTEIbHbIH YHUBEPCUTET
603950, Poccust, r. Huxxuuit HoBropon, yi. Mnbunckas, 65

2 HuxeropoacKHii rocyaapcTBeHHbiii Texundeckuii yausepeurer um. P.E. Anekceesa
603950, Poccust, r. Huxxuuit Horopon, yi. Mununa, 24

3 Huxeropoackwuii rocynapcrsernsiii yaupepcutet uM. H.. JlodaueBcKkoro
603950, Poccus, r. Huxxnauit Hosropon, I'CIT-20, nmp-T1 'arapusna, 23

< Bragumup BukropoBud MbLibHUKOB (mrmylnikov@mail.ru)

Annoranus: [IpencraBieHbl pe3yibTaThl UCCIEIOBAHUI COMPOTUBICHUS PA3PYLICHUIO TTPU CTATUYECKOM PACTSI)KEHU U JTUTHIX aJIFOMO-
MaTPUYHBIX KOMIIO3UTOB Ha OCHOBE aJIIOMUHUS C PAa3IUYHBIM COlepXKaHueM ynpouHsioleit hassl Al,Os. JIuTble anroMoMaTpuyHbIe
KOMITO3UIIMOHHBIC MaTepHasbl ObIM M3rOTOBJEHBI IO TEXHOJOTHH, KOTOpasi OCHOBaHa Ha MpoIlecce BHITOPaHMS paciijiaBa aTloMU-
HUS TIPU B3aUMOJEUCTBUM C KUcaopomaoM. st TpoBeneHs UCCIeOBAHUY Ha CTATUUYECKYIO TIPOYHOCTD OBIJIM OTJIUTHI IBE MapTHU
CJIMTKOB C PAa3JIMYHBIM COJEPX)aHUeM TBepaoi ¢asbl. CpeaHuii pa3Mep YaCTUIl YIIPOUYHSONIe (ha3bl, IPEUMMYIIECTBEHHO MTPU3MaTHYe-
ckoit Mopdosoruu, coctabisiy 60—80 MKM, a UX KOTUYECTBO U3MeHsITU OT 15 10 25 %. [ToBepXHOCTHU pa3pylIeHUs], TOJyUYeHHBIE TPU
CTaTUYeCKOM OJTHOOCHOM PacTSI)KEHUU UCCIEeOBAHHBIX 00pa3l0B MaTepuaa, u3yuyaanuchb Ha 00pa3lax, pa3pyLBLIUXCS TPU MaKCHU-
MaJIbHOM 3HaueHUU HamnpsikeHus. McciaenoBaHusl MOBEPXHOCTHU pa3pyLIeHU sl TPOBOIMIUCH C TOMOLIBIO ONTHUYECKOTr0 MUKPOCKOIA C
pacMpPeHHBIMHM BO3MOXHOCTSIMU 34 CYST YCOBEPIICHCTBOBAHHOM JTMHHOMOKYCHOM OMTUYECKON CUCTEMBI U IMGbPOBOI 06paboTKU
n300pakeHNsI C TPUMEHEHUEM OPUTUHAJIBHON METOAUKY U3ydeHust 3D-cTpykTyp. Jis yriyOoJieHHOro aHaiu3a XapakTepHbIX 001a-
cTell M3JI0Ma UCIIOJb30BAJICS PACTPOBBIN JIEKTPOHHBII MUKPOCKOII C SHEPTO- M BOJHOAMCIIEPCUOHHBIM 3JIEMEHTHBIM aHaIM3aTopa-
Mu. B xone mpoBeneHHBIX UCCIEIOBAHUI ObITO YCTAHOBJIEHO, YTO Y 00pa3loB C MEHBIIUM COAEPXKAHUEM OUCTIEPCHON (ha3bl U3JI0M
HOCUT CMEIllaHHbI# HEOJHOPOAHBIN MO MAKPOTEOMETPUM XapaKTep, KOTOPbIA MOXHO MHTEPHPETUPOBATH KAK CYXOW BOJOKHMCTHII
M3JI0M C BUJAMMBIMU KPUCTAJJIMYECKOI ChITIBIO U BbIpbiBaMuU. C yBeJIMUYEHUEM KOJMUYECTBa TBEPAOii (has3bl HabI01aeTCs CMEIIaHHBI,
JOCTATOYHO OZHOPOMHBIN MO MAaKPOTEOMETPUM XapaKTep M3JIoMa C BEepooOPa3HO-BOJOKHUCTHIM CTPOCHUEM, B KOTOPOM TaKXKe 3a-
bukcrpoBaHbI KpUCTAIINYECKAS CHIITb, OTIMYAOIIASICS paclipeieIeHUEM I10 TUIONIaAN U3JI0Ma, U BBIPBIBBI IPYTUX T€OMETPUUECKUX
pa3mMepoB. BeisiBiIeHBI U ONTMCAaHBI 0COOEHHOCTHU U3MEHEHU S pelibeda MOBEPXHOCTH PA3PYLICHU ST U MEXAHU3MbI Pa3pPyIIEeHUST MTOTYYeH-
HBIX KOMITO3UTOB.

KuoueBble cii0Ba: JTUTO allOMOMAaTPUYHBIN TUCHIEPCHO-YITPOYSHHBIN KOMMO3MIIMOHHBIN MaTepualn (JJYKM), kopyHn, pacTtskeHue,
TPaHCKPUCTAJUIUTHOE pa3pylleHre, THTEPKPUCTAJUTMTHOE pa3pyllieHrue, MaKpOCTPYKTYpa, MUKPOCTPYKTYpa, nedopmariust
BaaronapuocTu: MccnenoBanue BHITIOTHEHO 3a cueT rpaHTa Poccuiickoro HayuHoro donma Ne 22-13-20009.
https://rscf.ru/project/22-13-20009/

Jng uutupoBanusa: MeiibHuKoB B.B., YepHbiioB E.A., PomanoB A.Jl., MbuibHuKOBa M.B., 3axapeiueB E.A., Ps6oB H.A. CrpykTypa
Y MEXaHU3M pa3pylIeHUsT aTFIOMOMATPUUHBIX KOMITO3UTOB, TTOJIYYEeHHBIX METOIOM BHYTPEHHETO OKMCIICHW ST, TIPU pacTsikeHUu. Mzgecmus
8y306. Lleemnasn memannypeus. 2023;29(2):38—48. https://doi.org/10.17073/0021-3438-2023-2-38-48

Introduction

[1—8]. Serial production of dispersion strengthened
composite materials (DSCM) with solid phase in the
form of SiC and Al1203 was pioneered by “Duralcan”

Cast composite materials are promising in terms of
their wide scale implementation in various fields of air-
craft and mechanical engineering as anti-friction struc-

tural and other materials. They provide for decrease in
the item weight, improvement of their specifications and
especially development of new machines and structures

(Canada), “Alcan” and “Alcoa” (Canada, USA). Howe-
ver, full scale use of DSCM is restricted, especially in
Russia, and does not comply with potential technical

39



lzvestiya. Non-Ferrous Metallurgy e 2023 ¢ Vol. 29 « No.2 e P. 38-48

Myinikov V.V., Chernyshov E.A., Romanov A.D. et al. Structure and tensile fracture mechanism of aluminum maftrix composites produced...

capabilities of these materials. This is primarily attrib-
uted to insufficiently developed scientific and engineer-
ing basis for their creation, which would guarantee the
selection and forecasting of their structure, composition
and production technology. This would also achieve the
required strength and operational properties of machine
parts and structures from DSCM, including those with
nanosized strengthening elements at acceptable costs
[9—11].

Leading positions in terms of application volumes
in various fields of mechanical engineering and aircraft
are occupied by composite materials based on alumi-
num matrix. At present numerous technologies of
strengthening by dispersed phase are available, includ-
ing strengthening by own oxides (Al,03) and carbides
(Al4C5) or mixing of various strengthening dispersed
phases (for instance, TiC—Al,O3;—Al) or aluminides
(for instance, FesAl—TiC) [12—21]. In each case with
an increase in the volumetric fraction of solid phases,
the strength increases and the plasticity of ready com-
posites decreases.

This work investigates aluminum matrix compos-
ites obtained by liquid phase method [22], which is
based on burnout of aluminum melt upon interaction
with oxygen. In the course of its development the pos-
itive features of well-known technologies were taken
into account: basic oxygen-converter process, casting
of aluminum alloys in oxygen environment and devel-
opment of air independent energy facility on the basis
of high metallized fuel [23, 24]. During the interac-
tion of aluminum melt with oxygen, the presence of
solid interface between matrix and filler is provided.
In addition, this method allows composites to be fabri-
cated in one stage and to provide uniform particle dis-
tribution in the melt. Thus, it allows to more complete
implementation of DSCM potential. Our comparative
uniaxial tension tests demonstrated that the ultimate
strength is in the range o, = 180+205 MPa, which
in comparison with the results in [25] (5, = 100+
+150 MPa upon variation of Al,O5 in alloy from 5 to
20 %) is higher by about 25 %.

The aim of this work is to study the fracture surface of
cast aluminum matrix composites after uniaxial tension
to fracture with accounting for structure modification.

Experimental

In order to implement the developed method
of internal oxidation, a unique test rig was created
consisting of a high temperature induction furnace
(Fig. 1, position /) and system of oxygen storage and

supply.

40

The test rig is comprised of a high accuracy gas pa-
nel, equipped at the output with needle valve for accu-
rate adjustment of gas supply, connected with a pres-
sure meter, and after the needle transforming into a
regular ball valve and rotameter. Aluminum billets
were loaded into the furnace 4 (Fig. 1, position /) and
smelted. Then, the silicon carbide tube 3 was insert-
ed into the aluminum melt with control of the vertical
supply (/) and in the corner (2), which was hermetically
connected with the steel tube fixed with the rotameter.
Using this system, oxygen was fed into the aluminum
melt. In order to prevent undesirable surface oxidation
of aluminum, the protective inert gas environment was
formed which was fed via the tube 5. As a consequence
of high temperature chemical reaction 4Al + 30, —
2Al,03, the ceramic phase was obtained directly in the
melt in one stage process. In order to eliminate cast de-
fects and to degas, the synthesized material was blown
with argon directly before casting into molds of mod-
erate size.

From the fabricated castings, the samples for tensile
tests (Fig. 2) were fabricated according to State Stan-
dard GOST 1497-84. The ingots were mechanically cut
in the transverse direction into preliminary workpieces
(Fig. 2, a). Then the samples were cut out (Fig. 2, ) and
ground (Fig. 2, ¢) using the rotary horizontally located
wheel of a SShPM-1 machine (Russia) with the ability
to vary the number of rotations. In this case, for ease of
work, the sample was installed in a special device.

After grinding, the samples were mechanically pol-
ished. In this case the wheel was covered with cloth or
felt, wetted with chromium oxide slurry during polish-
ing. The surface of polished samples was washed, de-
greased, and dried.

Aluminum, Grade A6 (Fig. 3, a), was used as a ma-
trix material for fabrication of dispersion strengthened
composite, with the following chemical composition
according to State Standard GOST 11069-2001, wt.%:
99.6 Al; 0.25 Fe; 0.2 Si; 0.03 Ti; 0.01 Cu; 0.06 Zn. The
alloy was strengthened with solid oxide phase Al,O;
(Fig. 3, b), in most cases with a 4- and 6-face shape. In
order to analyze the static strength, two batches of ingots
were smelted with various content of solid phase.

Three samples for various ingot regions were fabri-
cated from the obtained castings. The average particle
size of strengthening phase, mainly of prismatic mor-
phology, was 60—80 um (Fig. 4), and their content was
varied from 15 to 25 vol.%.

The uniaxial tensile tests of flat samples were carried
out using an AG-Xplus-0.5 universal testing machine
(“Shimadzu”, Japan) at ambient temperature, the load-
ing rate was 5 N/(mm?-s).
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Fig. 1. Layout of ceramic phase fabrication

I — furnace working part with dismounted heat insulation (1, 2 — control system of oxidizer vertical supply (I) and in the corner (2),
3 — silicon carbide tube, 4 — crucible, 5 — supply tube of protective inert gas); IT — jet of supplied oxidizing gas with characteristic turbulent
motion regime I1”; ITI — single bubble of oxidizing gas with laminar motion regime III’; IV and ¥V — microstructures obtained in the course

of processes I1 and ITT

Puc. 1. Cxema nosrydeHUsT KepaMUuecKoit ha3br

I — pabGouast yacTh Neyr C AEMOHTUPOBAHHOM Terion3oisiueit (1, 2 — cuctema peryJMpoBKY MOAaYM OKUCIUTENS 1Mo BepTukanu (1)

u yriy (2), 3 — KapoumokpeMHUeBast Tpyoka, 4 — TUresib, 5 — TpyoKa mojauu 3alluTHOrO MHEPTHOTO Ta3a); II — cTpysi mojaBaeMoro rasa-
OKUCITUTEIISI C XapAKTePHBIM TypOYJIEHTHBIM peXXuMOM aBvxkeHust IT7; II — e IMHUYHBIIA TTy3bIPEK ra3a-OKUCIUTENS C TAMAUHAPHBIM PEXUMOM
nBrkenvst III'; IV u V — MUKPOCTPYKTYPBI, TToJydaeMble TIpy peanusanuu mnpoieccos 11 v ITT

The fracture surface was analyzed using a VHX-1000
optical microscope (“Keyence”, Japan) with expanded
options due to improved long-focus system and digital
processing of images. The 3D structures illustrated in
Figs. 5, eand 6, e, were analyzed using the procedure for
studying fracture surface in 3D image by means of the
“e-Preview Optimal Image” regime [26], on the basis
of which the most heterogeneous morphologically sites
of fracture surface profile. The characteristic features of
these fracture regions were analyzed in details using a
JSM-IT300LV scanning electron microscope (“JEOL”,
Japan) with energy and wavelength dispersive elemental
analyzers.

Results and discussion

The fracture surfaces obtained upon static loading
of the analyzed samples from dispersion strengthened
composite materials were analyzed on samples destroyed
at the maximum stress.

Figure 5, a illustrates macroscopic image of the
fracture surface of flat DSCM sample 1 with 15 % of
inclusions of solid phase. Mixed relief, heterogeneous
in terms of macrogeometry is observed with crystal-
line pimples and breakaways. The fracture center and
crack nucleation area are distinctly observed at the
point of conglomeration of dispersed phase inclusions
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(see Fig. 5, b, ¢). Analysis of the macrostructure in cracking. This can be caused by high normal tensile
polarized light in Optimal Image regime (Fig. 5, b) stresses as a consequence of the separation of ma-
and microstructure (Fig. 5, d) revealed secondary trix—solid phase interface along the plane of maxi-

Ingot
b
h —thickness
of preliminary
workpiece
c rw&
Grinding wheel
V em/s
—_—

Workpiece

W

Fig. 2. Schematic view of fabrication of samples for tensile tests

a — transversal cutting of ingot, b — longitudinal cutting of workpiece, ¢ — grinding of workpiece

Puc. 2. Cxema U3TOTOBJICHUS 06pa3u0B IIJ1S1 UCTIBITAHUY Ha PaCTAXKCHUC
a — 1ionepeyHas pe3ka CinTKa, b— IpoaoJibHasd pe€3Ka 3aroroBku, ¢ — H.U'[I/ICI)OBaHI/IC 3aroToBKH1

Fig. 3. Microstructure of the obtained material in initial state (@) and with indentation of pyramid with the weight of 100 g
of PMT-3 hardness meter (b)

Puc. 3. MukpocTpyKTypa mojy4eHHOTO MaTepurasia B MCXOMHOM COCTOSIHUY (@) ¥ ¢ OTIeyaTKaMu MupaMuaku maccoii 100 r
TBepaomepa [IMT-3 (b)
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Fig. 4. Topographic image of surface and profile of samples

a — relief across the highlighted cross section with determination of height across this cross section; b — analysis of relief heights using

colored image

Puc. 4. Tormorpaduyueckoe 0ToOpaxeHUe MOBEPXHOCTU U TPOodUIIb 00pa3iioB

a — pesibed 10 BbIICTEHHOMY CEYEHUIO C OTPEIeJIEHUEM BBICOT 10 3TOMY CEUYEHHIO; b —ncceoBaHue BBICOT pesibedha ¢ MCTIOIb30BaHUEM

LIBETHOT'O OTOOPaKEeHUS

mum shear depending on orientation of each single
grain.

The general macrogeometry of fracture surface is
heterogeneous, however, individual sites were iden-
tified on it. They were characterized by morphologi-
cally unified fracture surfaces with nearly similar re-
liefs and existence of single type fracture elements.
This is illustrated in Fig. 5, e in the form of degree of
surface roughness in the direction perpendicular to
the plane of load application, related to the stability
of high energy propagation of crack upon fracture at
these sites.

A relatively moderate amount of dispersed inclu-
sions (in comparison with the second batch of sam-
ples) in the matrix of analyzed material located at
significant distances leads to formation of moderate
seams. This can be attributed to the fact of their by-
passing by crack frontal zone, which is simpler than
over the body of high solid phases. The profilogram
distinctly illustrates a rather acute single change in
the profile oriented at the angle ~45° to the tension
axis (see Fig. 5, e).

This is related to a slowing of crack growth and the
blunting of its tip as a consequence of significant plastic
deformation with formation of a cup-like structure and
can be interpreted as a shear at this site characteristic for
the shear area.

Microstructural studies (see Fig. 5, d) illustrate an
alteration of crystalline segments and cleavage edges
around oxides according to the transcrystalline mecha-

nism with thin fibrous stripes. In some places a dendritic
structure with intercrystallite fracture and quasi-cleav-
age can be observed.

The pattern of fracture surface of DSCM samp-
le 2, with 25 % of solid phase inclusions, is illustrated
in Fig. 6. The fracture center is far from the tension
axis but does not appear at the free surface of the sam-
ple. It is possible to observe a mixed fracture pattern,
homogenous in terms of macrogeometry, with a fan-
like fibrous structure (Fig. 6, a). In addition, crystal-
line pimples are detected which differ from previously
considered samples by distribution over the fracture
surface, as well as breakaways of other geometrical siz-
es. The higher amount of dispersive inclusions in the
matrix of the analyzed material in comparison with
DSCM 1, located at shorter distances between them-
selves, smooths out the roughness at certain sites. This
can be attributed to a decrease in the distance of by-
passing of the solid phase by crack frontal zone. The
profilogram (see Fig. 6, e), and the 3D structure, indi-
rectly confirms the provisions discussed above. It does
not contain morphologically heterogeneous in terms
of macrogeometry area with significant differences of
fracture surface relief.

Contrary to DSCM 1, comprised of fibrous area and
shear area, at some segments of fracture surface of sam-
ple 2 a radial area is detected (see Fig. 6, ¢, d). Its oc-
currence is related to an increase in the content of solid
phase in alloy and characterizes transfer of crack from
slow growth to its unsteady propagation with formation
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Fig. 5. Fracture surface of DSCM sample /

a — optical macrostructure (x40); b — macrostructure in Optimal Image regime; ¢ and d — scanning electron microscopy; e — 3D structure

with profilogram across the highlighted cross section

Puc. 5. IMoBepxHocTb uznoma oopasua JIYKM [

a — onTuyeckas MakpocTpykrypa (x40); b — makpocTpykTypa B pexxume Optimal Image; ¢ 1 d — pe3y/ibraTbl pacTpOBOi 2JIEKTPOHHOI
MUKpOCKOTH; e — 3D-cTpyKTypa ¢ MpodrIorpaMMoii To BbIIECIEHHOMY CEUEeHUIO

of radial seams. It is possible to observe the chaotic alter-
ation of viscous fracture according to the tearing mech-
anism and shear with a brittle cleavage fracture in the
form of crystalline fracture. This fracture has stepwise
relief and occurrence of dendritic sites with intercrystal-
lite structure (see Fig. 6, d).

Such features are caused by the non-compliance of
the general direction of crack propagation and the shor-
test direction from its front to a free surface. This is re-
lated to unsteady vortex crack propagation at a microlev-
el, characterized by stepwise (either fast or slow) propa-
gation across the material body. However, in contrary to
the DSCM sample 7 with lower content of solid phase
inclusions, this is not related to the existence of single
type fracture elements, but with an absolutely opposite
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fracture mechanism. This is comprised of the alteration
of viscous fracture according to tearing and shearing
mechanisms with consideration for brittle cleavage frac-
ture at a separate fracture site surface (see Fig. 6, d).

Conclusions

The fracture surface of dispersion strengthened alu-
minum matrix material, with 15 % and 25 % content of
dispersed phase exposed to deformation under condi-
tions of static uniaxial tension was studied in this paper.
The following differences in morphology of fracture sur-
face were established.

In the material with lower Al,O5 content analyz-
ed, the macroanalysis of fracture surface demonstrates
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Fig. 6. Fracture surface of DSCM sample 2

a — optical macrostructure (x40); b — macrostructure in Optimal Image regime; ¢ and d — scanning electron microscopy; e — 3D structure

with profilogram across the highlighted cross section

Puc. 6. [ToBepxHoCcTh U30Ma ob6pasua JYKM 2

a — onTuyeckas MakpocTpyKrypa (x40); b — makpocTpyKTypa B pexkume Optimal Image; ¢ u d — pe3y/ibTaThl pacTpoOBOii 27IeKTPOHHOIM
MUKpOCKOTNH; e — 3D-cTpyKTypa ¢ mpoduIorpaMmMoii 1o BbIIEJIEHHOMY CEUEHUIO

mixed heterogeneous in terms of macrogeometry pat-
tern. This can be characterized as a dry fibrous fracture,
comprised of fibrous area and shear area and accompa-
nied by secondary cracking.

With an increase in the content of solid phase, a
radial area appears on the fracture surface, evidenc-
ing a change in the fracture mechanism and frontal
zone of the main crack. The occurrence of features of
the radial area is related to structural changes result-
ing from an increase in the content of solid phase in
the alloy. This characterizes crack transfer from slow
growth to its unstable propagation with formation of
radial seams.

The structure of DSCM sample 2, with 25 % content
of strengthening phase, does not allow stable propaga-

tion of the crack. A higher amount of dispersed phas-
es is a significant obstacle for its propagation, resulting
in material strengthening. This consumes a significant
portion of the fracture work. At higher (in compari-
son with the samples of the first batch) content of the
strengthening phase in the material structure an obvi-
ous alteration of viscous fracture according to breaka-
way mechanism and shear with brittle fractures can be
observed. However, the morphology of fracture surface
becomes sufficiently homogeneous in terms of macro-
geometry.

Analysis of fractures in the samples of the sec-
ond batch did not reveal sharp differences in the re-
lief. The profilograms were not characterized by any
sharp relief drops or extreme values of the profile.
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Therefore the macrostability of fracture processes
can be stated, which cannot be attributed to fracture
of DSCM sample 1, where a rather strong single drop
is observed.
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Abstract: Aluminum alloys alloyed with rare earth and transition metal are promising materials for electric energy transportation due to their
high properties of strength, thermal stability, and electrical conductivity. The features of strengthening, their mechanical properties and
electrical conductivity of Al—0.2Y—0.2Sc—0.3Er alloy after cold rolling have been established. The alloy as a cast structure is presented by
aluminum solid solution (Al) and dispersed eutectics with 1, (Al;5_76Er;.17Y7.14) phase upon complete dissolution of scandium in (Al), and
a content of yttrium and erbium at the level of 0.2—0.3 % each. Cold rolling the ingot accelerates strengthening upon annealing at 270 and
300 °C, reducing the time of achieving peak hardness. The maximum strengthening due to precipitation of L1, dispersoid of Al;(Sc,Y,Er) phase
with the average particle size up to 10 nm is achieved after 7 h of annealing at 300 °C after cold rolling. This shows the prevailing heterogeneous
mechanism of nucleation due to defects accumulated during cold rolling which stimulates strengthening. The eutectic particles are located
mainly along the boundaries, elongated in the rolling direction. Irrespective of the mode of sheet fabrication, the alloy demonstrates high
thermal stability up to 400 °C. During annealing of the sheets to 450 °C, their non-recrystallized structure is retained. Ingot annealing at
t =300 °C in 7 h and cold rolling with subsequent annealing under the same conditions provide a high level of mechanical properties and
electrical conductivity: 6y, = 194 MPa, 6, = 210 MPa, § = 12.1 % and IACS — 60,1 %. The alloy has demonstrated high yield stress up to
100 h of annealing at = 300 °C.
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U 2JIEKTPOMPOBOIHOCTU. B paboTe onpeneseHbl 0COOEHHOCTH YIIPOUHEHMsI, MEXaHUUECKHe CBOICTBA U 3JIEKTPOMPOBOAHOCTD CljiaBa
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Al—0,2Y—0,2Sc—0,3Er nociie xosoaHOM MpokaTku. JIutas cTpyKTypa cIjiaBa MpeacTaBjieHa aJJlOMUHUEBBIM TBEPIBbIM pacTBOpoM (Al)
M IMCIIEPCHOM 3BTEKTUKOM ¢ (a30ii Ty (Alss_7¢Ery17Y7.14) pu nosHoM pacTBopeHun ckaHaus B (Al) ¥ conrepXaHuu UTTPUs U 5pOus Ha
yposHe 0,2—0,3 % kaxmoro. XoJomHast MpoKaTKa CJIUTKA YCKOPSIET YIIPOYHEHUE MPU OTKuTe Tpu Temieparypax 270 u 300 °C, yMeHb-
1ast BpeMsl JOCTUXEHUsI TMKOBOI TBepAOCTU. MaKcuMaibHOE yIPOUHEHUe 3a cueT BulaeaeHus L1,-nucnepconnos dassl Aly(Sc,Y,Er) co
CpeaIHMUM pa3MepoM yacTuil a0 10 HM nocturaercs nocie 7 4 orxxura npu temmeparype 300 °C nmociie XoJ0aHOM NPOKATKM, YTO TOBOPUT O
npeBaJupoOBaHUU TeTEPOreHHOr0 MeXaHM3Ma 3apOoXIeH U 3a cUeT NedEeKTOB, HAKOMJICHHBIX B TPOLIECCe XOJIOIHOW MPOKATKU, CTUMYJIHU-
pyloLIUX yIpouHeHHe. YacTU L bl 3BTEKTUKU PaconaraloTcsl NpeMMyLeCTBeHHO BLOJIb TPAHULL, BBITSTMBASICh B HAIIPaBJACHUU IPOKATKH,
U BHE 3aBUCMMOCTHU OT peXHUMa MoJyYeHU s IUCTA CIIJIaB IEMOHCTPUPYET BBICOKYIO TepMUYecKyto ctadbusibHOCTh 10 400 °C. B nmpouecce
otrxxura TucToB 10 450 °C coxpaHsieTcs HepeKpucTain3oBaHHas cTpyKrypa. Otxur ciutka mpu = 300 °C B TeueHUe 7 4 ¥ XOJIOIHAS TTPO-
KaTKa C MOCIeAyIOIINM OTKUTOM B TeX XKe YCIOBUSIX 00eCTIeuBalOT BEICOKHMI YPOBEHb MEXaHUUECKUX CBOMCTB U 3JIEKTPONTPOBOJHOCTHU:
6o, = 194 MIla, o, = 210 MITa, § = 12,1 % u IACS — 60,1 %. Cria 1poieMOHCTPUPOBAJI BHICOKYIO CTAOMILHOCTD MPEJie/ia TEKYYeCTH

BIIOTH 10 100 u oTxura nipu = 300 °C.

KioueBbie cjioBa: aTloMUHUEBbIE CIlJIaBhbI, CKaHI[Mﬁ, MTTprI, peKpucTtajimdaiuusa, MEXaHNYECCKUE CBOICTBa, QJICKTPOIIPOBOJHOCTH

baarogapHocTu: Pabora BhinoiHeHa mpu ¢hbrHaHCOBOM noaaepkke rpaHToB HI-1752.2022.4 u MK 3457.2022.4.

Jns uuruposanug: ['opios JI.E., ImaBarckux M.B., bapkos P.1O., [To3nHsikoB A.B. MexaHuuyecKkue CBOMCTBA U 3JIEKTPOTNPOBOIHOCTh
xosomgHoaeopMupoBaHHoro crutaBa Al—Y—Sc—Er. Uzeecmus 6y3o6. Lleemnas memannypeus. 2023;29(2):49—56.

https://doi.org/10.17073/0021-3438-2023-2-49-56

Introduction

Strengthening Al—Sc alloys during annealing of
ingots provides formation of structured L1, disper-
soids [1—11]. Additional doping with zirconium leads
to an increase in thermal stability of the precipitates
due to formation of L1, dispersoids of Al3(Sc,Zr))
phase [12—19]. In this way, high strength conductive
alloys were developed on the basis of Al—Sc—Zr sys-
tem [20, 21]. A1—0.35Sc—0.2Zr! alloy after heat defor-
mation treatment is characterized by a good combina-
tion of strength (6, = 210 M Pa), plasticity (6 = 7.6 %),
and electrical conductivity (IACS — 60.2 %) [20].
A less expensive alloy containing 0.06 % Sc has lower
strength (194 MPa) at higher electrical conductivity
(IACS — 61 %) [21].

In recent years much attention has been paid to
other rare earth metals (REM), in particular, to Y, Yb,
Er, and Gd [22—34]. Minor amounts during crystal-
lization are present in aluminum solid solution. Upon
annealing in alloys with scandium they substitute in
L1, dispersoids, thus increasing the density of their
precipitation and mechanical properties of the alloys
[22—31]. Thus, for example, Al—0.2Y—0.2Sc al-
loy after rolling and annealing demonstrated a good
combination of the properties: the yield stress up to
183 M Pa, the ultimate strength up to 202 MPa, the rel-
ative elongation up to 15.8 % at the electrical conduc-
tivity of 60.8—61.5 % [31]. Further strengthening was
achieved after additional doping with 0.3 % ytterbium

! Hereinafter the contents of components are in wt.%, if not
otherwise mentioned.
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[32]. As a consequence, in A1—0.2Y—0.2S¢c—0.3Yb al-
loy the ultimate strength increased to 244 MPa with a
decrease in plasticity to 7.6—11.9 % and electrical con-
ductivity to 57—57.7 % [32]. Approximately the same
level of properties was obtained in the sheets from
Al—0.3Er—0.2Sc—0.2YDb alloy due to precipitation of
dispersoids with the size of 4—8 nm [33]. For the aim
of comparison, dispersoids of Al;(ErY,Zr) phase in
scandium free Al—0.3Er—0.2Y—0.2Zr alloy provide
lower strengthening (6, < 156 MPa) at the same elec-
trical conductivity [34].

In [35], a significant influence of annealing before
deformation on mechanical properties and electrical
conductivity of new Al—0.2Y—0.2Sc—0.3Er alloy was
demonstrated. Ingot annealing, hot and cold rolling
with subsequent annealing provide the following combi-
nation of properties: 6, , = 191 MPa, 6, =207 MPa, § =
=14 % and IACS — 59.7 %.

The aim of this work is to establish the influence of
heat treatment on the properties of cold deformed con-
ductive A1—0.2Y—0.2Sc—0.3Er alloy.

Experimental

Al—0.2Y—0.2Sc—0.2Er (AIYScEr) alloy was
smelted in a resistance furnace from aluminum with
a purity of 99.99 %, and dopants: AI—9Y, Al—2Sc
and Al—10Er. The ingots were 40 mm wide, 20 mm
thick and 120 mm height, and obtained by crystalli-
zation in copper water cooled mold at the cooling rate
of ~15 K/s. Rolling of ingots in a cast state (T1) and
after annealing at r = 300 °C in 7 h (T2) was carried
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out at ambient temperature to the thickness of I mm.
The microstructure studies were carried out using
an Axiovert 200MMAT optical microscope (OM)
(Carl Zeiss, Germany), a TESCAN VEGA 3LMH
scanning electron microscope (SEM) (Czech Repub-
lic), a JEM 2100 transmission electron microscope
(TEM) (Japan). Samples for PEM were prepared us-
ing a Struers Tenupol-5 facility of electrolytic pulsing
(Denmark). Vickers hardness was measured using a
Wilson/Wolpert 930N hardness meter (Germany) at
the load of 5 kg.

Uniaxial tensile tests were carried out using a
Zwick/Roell Z250 facility (Germany) at a deformation
rate of 3-1073 s~!. Samples with an operating length of
20 mm and width of 6 mm were cut out from a sheet in
the rolling direction.

Electric resistance was measured on samples with
a length of 70 mm and a width of 5 mm, cut from
sheets using the double bridge method on an INSTEK
GOM-802 ohmmeter (China).

Results and discussion

The initial ingot microstructure and phase compo-
sition of AIYScEr alloy were studied in detail in [35].
Aluminum solid solution (Al) and dispersed eutectics
with 1, (Alys_76Er;.17Y7.14) phase are presented in the as
cast structure. Herewith, scandium is totally dissolved in
(Al), and the content of yttrium and erbium is at a level
of 0.2—0.3 %. The maximum strengthening due to pre-
cipitations of L1, dispersoids of Al;(Sc,Y,Er) alloy was
achieved after 7 h annealing at 300 °C.

Figure 1 illustrates the microstructure of alloy in-
got after annealing providing the maximum hardness.
The size of the precipitates does not exceed 10 nm. The
particles of Al;(Sc,Y,Er) phase are highlighted in TEM
images, the diffraction pattern contains respective re-
flections located between main ones from the latti-
ce (Al).

Figure 2 illustrates the microstructure and distribu-
tion of dopants between the phases in the highlighted

10 nm™

Fig. 1. Microstructure (TEM) and diffraction pattern of AIYScEr alloy after annealing at = 300°Cin 7 h

Puc. 1. Mukpoctpykrypa (IIT9M) u MmukpoanekTpoHorpamma criaBa AIYScEr rmocie oTxxura

npu t =300 °C B TeueHue 7 4

Fig. 2. Microstructure (SEM) and distribution of dopants between the phases in highlighted region in cold rolled state

as exemplified by mode T1

Puc. 2. Mukpoctpyktypa (COM) u pacnpeaeseHue Jerupyommx 3JeMEHTOB MeX 1y ha3zaMu B BbIAeJICHHO 00JacTh

B XOJIOHOKATaHOM COCTOSTHMY Ha mpuMepe pexkuma T1
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Fig. 3. Hardness as a function of annealing time at various
temperatures

Puc. 3. 3aBucuMOCTY TBEPAOCTHU OT BPEMEHU OTKMTa
TIpU pa3HbBIX TEMITepaTypax

region in a cold rolled state, as exemplified by a sheet
fabricated according to mode T1. The eutectic particles
are located mainly along the boundaries, being elongat-
ed in the rolling direction.

After rolling, the sheets were annealed at 270—
330 °C. Figure 3 illustrates hardness as a function of

annealing time. In the sheets fabricated according to
mode T1 (cold rolling of ingot), significant strengthen-
ing occurs. With an increase in the temperature from
270 to 300 °C, the same maximum hardness of 66 HV
is achieved after 7 and 3 h, respectively. For the aims of
comparison, in an ingot during annealing at = 300 °C
the maximum hardness (61 HV) is achieved in 7 h, and
at 270 °Cin 24 h [35].

Cold rolling significantly accelerates decomposi-
tion of (Al), allowing a greater hardness in sheets to
be achieved, in comparison with ingots. Defects ac-
cumulated during cold rolling stimulate strengthening
due to precipitation of LI, dispersoids, thus showing
the prevailing heterogeneous mechanism of nuclea-
tion. The same argument can be confirmed by analysis
of hardness evolution of samples fabricated according
to mode T2. The annealing of sheets annealed before
rolling to maximum hardness at 270—300 °C leads
to increase in hardness by 6—8 HV. Thus, thermal
stimulus is insufficient for complete decomposition of
solid solution upon ingot annealing. In combination
with the subsequent cold rolling and annealing at ¢ =
=300 °Cin 5—7 h, AIYScEr alloy demonstrates maxi-
mum hardness: 68 HV. During annealing at 7 = 330 °C,
a certain strengthening is also observed, which in =1
h is superseded by polygonization processes leading to

FORLS A0

'

== 200 um

0 100 200 300

500 600

400

t,°C

Fig. 4. Hardness as a function of temperature of 1 h annealing and granular structure (OM) of sheets

Puc. 4. 3aBUCUMOCTY TBEPJIOCTH OT TEMIIEPATYPbl 1-4aCOBOr0 OTXKHMTA U 3epeHHas cTpykTypa (CM) 1uctoB
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decrease in the hardness together with coarsening of
dispersoids.

Figure 4 illustrates the hardness as a function of
temperature of 1h annealing, and the granular structure
of sheets in the range of recrystallization temperature.
During annealing to 450 °C, the non-recrystallized
structure retains in the alloy, the hardness decreases in-
significantly (to 45 and 50 HV) in the sheets fabricated
according to modes T1 and T2, respectively. A greater
hardness in the sample according to mode T2 (anneal-
ing before rolling) evidences formation of more disperse
and homogeneous polygonised structure. Similar re-
sults were achieved in [35] for the same alloy exposed
to preliminary annealing, hot and cold rolling. A sharp
decrease in the hardness to 19 HV occurs after 1 h an-
nealing at ¢ = 550 °C, when the structure is completely
recrystallized. Irrespective of the mode of sheet fabrica-
tion, the alloy demonstrates a high thermal stability up
t0 400 °C, the hardness is 51—54 HV.

Table 1 summarizes the experimental results of uni-
axial tensile tests of samples of AIYScEr alloy fabricated
according to different modes. After rolling (mode T1),
the ingot has a yield stress 6, = 167 MPa. During an-

nealing at = 300 °C, this property increases to 192 MPa
in 4 h and actually does not decrease upon subsequent
increase in annealing time to 100 h.

The alloy fabricated according to mode T1 is charac-
terized by high thermal stability. The sheet preliminary
annealed before rolling (T2) has 6, = 195 MPa. With
an increase in the annealing time at ¢ = 300 °C from
1to 7 h, the yield stress actually does not change and after
100 h it insignificantly decreases to 180 MPa. Herewith,
the relative elongation (8) increases with an increase in
the annealing time due to depletion (Al) and decrease
in the concertation of defects.

For the same reasons, the electrical conductivity in-
creases in sheets with increase in annealing duration at
t =300 °C (Table 2). After 100 h annealing, the electrical
conductivity of the new alloy is close to that of the elec-
trotechnical alloy 1350 (ASE), which has a significantly
lower yield stress (110 MPa) [36]. The mode T2 provides
better electrical conductivity. For the aims of compari-
son, the conductive alloy ASE has lower ultimate strength
in annealed state 6, = 120+160 MPa, at approximately
the same electrical conductivity IACS — 60.5 % (specific
electric resistance: 0.0285 Q -mmz/m) [37].

Table 1. Experimental results of tensile tests of sheets from AIYScEr alloy fabricated according to different modes

Tabauua 1. Pe3ynbraThl UCTIBITAHUI Ha pacTsKeHUe JUCTOB criaBa AlYScEr, moaydeHHBIX O pa3HbIM peXruMam

Tl T2
State
Gy, MPa oy, MPa S, % 0y, MPa G, MPa 3, %
Deformed 1671 174+1 111 195+1 205+1 71
After annealing

t=300°C, 1h 18612 198+2 8+1 198+3 21242 7£2
t=300°C,4h 19242 204+1 9+1 195+2 2101 13.5£1.5
t=300°C,7h 1901 205+1 1244 194+1 2101 12.1£0.5
t=300"°C, 100 h 189+1 205%1 13£1 1801 19741 12.8+0.8

Table 2. Electrical conductivity of sheets from AIYScEr alloy, aluminum, and electrotechnical alloy 1350 (ASE)

Tabauua 2. DyaeKTponpoBOAHOCTH JUCTOB criaBa AIYScEr, aqtoMuHus u anekrporexHuueckoro criaasa 1350 (ASE)

IACS, %
State
Tl T2 Al(99,99%) [36] 1350 [36]
Deformed 54.4 58.1
After annealing
t=300°C, 1h 57.7 59.0
64.5 61
t=300°C,4h 59.4 59.8
t=300°C,7h 59.6 60.1
t=300"°C, 100 h 59.8 60.5
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Conclusions

The strengthening features, the mechanical prop-
erties, and the electrical conductivity of Al—0.2Y—
0.2Sc—0.3Er alloy after cold rolling were determined.

1. The cold rolling of ingots accelerates strengthening
upon annealing at = 270 and 300 °C, thus decreasing the
time to achieve peak hardness from 24 and 7 h for an ingot
to 7 and 3 h for a sheet, respectively. The defects accumu-
lated during cold rolling stimulate strengthening due to
precipitation of L1, dispersoids. This shows the prevailing
heterogeneous mechanism of dispersoid nucleation.

2. During the annealing of sheets to 450 °C, the
non-recrystallized structure retains. The hardness of
sheets produced according to modes T1 (ingot rolling)
and T2 (rolling after annealing to maximum hardness)
equals to 45 and 50 HV, respectively. The greater hard-
ness of a sample fabricated according to mode T2 shows
evidence of the formation of more disperse and homoge-
neous polygonised structure in it.

3. Ingot annealing at = 300 °C in 7 h and cold roll-
ing with subsequent annealing at 300 °C in 7 h provides
a high level of mechanical properties and electrical con-
ductivity: 6y, = 194 MPa, 6, =210 MPa, 6 = 12.1 % and
IACS — 60.1 %.
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Abstract: Ti,AINb-based alloys are promising materials for operation at high temperatures in aerospace industry. Meanwhile, the
existing difficulties of weldability restrict opportunities of their application. This work is devoted to studies of welded joints from
Ti,AINb-based VTI-4 alloy, obtained using pulsed laser welding (PLW). The optimum PLW modes have been determined providing
uniform faultless joint. The features of formation of external defects, internal pores, cracks and non-uniform penetration depth were
detected depending on welding conditions. The main PLW parameters influencing on formation of welded joint are voltage and duration
of laser pulse. It was demonstrated that at insufficient medium and high peak powers sawtooth seam roots and internal pores can be
formed. However, at higher rates of energy input thermal hydraulic processes in welding bathe are violated, accompanied by metal
splashing (spattering), heterogeneity of pulse imposition is observed. This leads to formation of cracks, higher porosity, heterogeneity
of melting zone, and as a consequence, poor mechanical properties. Microstructure analysis of the welded joints obtained by means
of PLW has demonstrated that the melting area is comprised of long dendritic grains of B phase, and the heat affected zone from two
regions of B + o, phases and B + a, + O phases. Herewith, the achieved joint strength equals to ~80 % of the base metal produced using
the optimum PLW mode.
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An”oTaunusa: lepopmupyemsbie criaBel Ha ocHOBE TioAIND ¢ MOBBIIIIEHHO! TEXHOJOTMYHOCTHIO 1151 U3TOTOBJICHU S TMCTOBBIX U3ICIN I SB-
JISTIOTCSI IEPCTIEKTUBHBIMU MaTepraiaMu 715 paboThl MPU BEICOKUX TEMIIEpaTypax B adpOKOCMUUECKON OTPACIIH, OAHAKO BOSHUKAIOIIHE
TPYIHOCTH CO CBAPUBAEMOCTbIO OFPAHUYMBAIOT BO3MOXHOCTH UX TPUMeHeHMs1. PaboTa mocBsiiieHa u3yYeH 0 CBAPHBIX COEAMHEH NI 13
criaBa BTHU-4 Ha ocHoBe Ti,AIND, mojiyueHHBIX ¢ UCMOJb30BAHUEM UMITYJIbCHOII 1aszepHoil cBapku (MJIC). Onpenenensl onTuMaib-
Hble pexkumbl MJIC, o6ecnieynBaloiiye paBHOMEPHBI 6e31e(eKTHBI II0B. BhIsSIBIIEeHbI 0COOEHHOCTH 00pa30BaHUsI BHEITHUX 1e(EeKTOB,
BHYTPEHHMX MOP, TPEIIMH U HEPABHOMEPHOCTH TTYOMHBI TPOILJIABJIEHU I B 3aBUCUMOCTH OT yCJIOBU A cBapkKu. OCHOBHBIMHU MapaMeTpaMu
WJIC, BnustiommMu Ha ¢ OpMUPOBAHUE CBAPHOTO IIBa, SIBJISIOTCSI HATIPSIKEHHWE U JUTUTEIbHOCTh UMITYJIbca la3epHoro usinydeHus. [1o-
Ka3aHo, YTO TPU HETOCTATOUYHBIX CPEIHEN W BBICOKOW MUKOBBIX MOIITHOCTSIX BOBMOXHO 00pa3oBaHMe MUJI000Pa3HOTO KOPHST CBAPHOTO
11Ba U BHYTPeHHUX 1op. OIHAKO MMPU YBEJIUYSHHBIX IIOTOHHBIX SHEPTUSIX HAPYIIAIOTCS TEPMOTUIPABIMYECKUE MTPOIIECCH B CBAPOYHOM
BaHHE, YTO BJICUET 3a COOOM BBITIIECK MeTasia (pa3bpbIl3ruBaHue), HabII0IaeTCs] HEPABHOMEPHOCTh HAJIOKEHU ST UMITYJIbCOB. DTO TpH-
BOJIMT K 00Pa30BaHMUIO TPEIIMH, MTOBBIIICHHO TOPUCTOCTHU, HEOMHOPOAHOCTH 30HBI TUIABJIICHUS U, KaK CJACICTBUE, K HU3KUM MeXaHUUYe-
CKUM CBOiicTBaM. MUKPOCTPYKTYPHOE MCCIIeIOBAaHKE CBAPHbBIX coerHeHn it n3 criaBa BTU-4, nonydeHHbix ¢ ucnosib3oanuem UJIC,
10Ka3aJio, YTO 30Ha MJIABJIEHUSI COCTOUT U3 KPYITHBIX ACHIPUTHBIX 3epeH B-dasbl, a 30Ha TEPMUUYECKOTO BIUSIHUS — U3 ABYX obiacTeit
B+ ay-daz u B + o, + O-da3s. [Ipu 5ToM KOCTUTHYTA TPOUYHOCTb ~80 % OT MPOYHOCTU OCHOBHOT'O MeTaJlljla CBAPHOTO COCAMHEHUS U3
cnnaBa BTU-4, nonyyeHHoro no ontumaibHoMy pexumy UJIC.

KuroueBbie cioBa: crijiaB Ha OCHOBe opTopombunyeckoro antomuuuaa tutana, BTHU-4, Ti,AINb, koBka, UMITyJIbcHas Ja3epHas cBapka
(WUJIC), cBapnotii mos (CL), BSE ananus, EBSD ananus, MexaHu4eckune CBOiicTBa

Baaroxapuoctu: PaGoTa BeinosiHeHa npu duHaHcoBoii noaaepxke PH® (Cornamenue Ne 19-79-30066) ¢ ucnosib3oBaHueM 060pyaoBa-
Hus LleHTpa KoJIeKTUBHOTO Nosib30BaHUs «TexHonoruu u marepuaibl HUY “benl’V”»).

Jna nuruposanusa: Haymos C.B., TlanoB [1.0., Yepnuuenko P.C., Coxkonosckuii B.C., Bonokutuna E.W., Crenanos H.J., Kepe©6-
o C.B., AnekceeB E.B., HouoBnas H.A., Canumes IA. CTpykTypa U MeXxaHM4YeCKHE CBOMCTBA CBAapHBIX COCIMHEHWI M3 CrlJlaBa
Ha OCHOBE OpTOpoMOMYecKoro ajroMuHuaa TutaHa BTU-4, nonydyeHHBIX UMITYJIbCHOM J1a3epHOI CBapKoil. M3gecmus y306. Lleemnas me-
mannypeus. 2023;29(2):57—73. https://doi.org/10.17073/0021-3438-2023-2-57-73

Introduction

Ti,AINb-based alloys, for instance, Grade VTI-4, and creeping [1, 2]. In addition, they can run at higher
are characterized by low weight and are promising mate- temperatures in comparison with titanium alloys and
rials for operation at higher temperatures in aircraft and their density is by ~40 % lower than that of superalloys
aerospace industry due to their low density, high speci- based on Ni (5.1 g/cm3 against 7.7—9.0 g/cm3) [3—5].
fic strength and superior resistance against oxidation At the same time, the technological properties of these
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alloys (for instance, weldability) restrict opportunities of
their application.

The strength of a welded joint of the Ti,AINb-based
alloys exposed to argon arc welding barely achieves
80 % of that of the base metal [6]. Herewith, the plas-
ticity of a welded joint (WJ) decreases, coarse dendrit-
ic structure is formed, and the action of electric arc of
argon welding forms wide melting area (MA) and heat
affected zone (HAZ) [7, 8], which leads to a deterio-
ration of mechanical properties. The highly concen-
trated heating sources applied upon laser beam welding
(LBW) or electron beam welding (EBW) with opti-
mum technological parameters and subsequent ther-
mal treatment can provide production of faultless high-
strength WJ [9—12]. This is related with the fact that
the heat input and its resulting influence on a micro-
structure of the base metal can be reduced to minimum
during these processes [13].

LBW of titanium alloys, including Ti,AINb-based
alloys [3, 14, 15], with repetitively pulsed laser Nd:-YAG
(PLW) produces WJ with good surface quality, mini-
mum defects and superior comprehensive mechanical
properties. WJ quality depends on such PLW parame-
ters as traveling speed and average power of laser, en-
ergy and duration of pulse, average peak power densi-
ty, laser spot surface area, and others. The numerous
performances of PLW make it possible to control heat
release with the accuracy unavailable previously for
continuous LBW, and also allow a wide range of exper-
imental conditions to be applied. This can influence on
the size of MA dendritic structure, as well as the grain
size of various areas of welded joint in general [16, 17].
On the other hand, controlling such high number of
parameters complicates the PLW processing [17]. Fi-
nally, the violation of the processing can lead to crack-
ing or pores formation [18, 19].

Despite the advantages of LBW and EBW, weld-
ing involving highly concentrated heating sources are
accompanied by metal melting and formation of co-
lumnar B2 structure [13]. In addition, one of the main
problems of PLW of titanium alloys is porosity [20].
It has been reported [21] that its formation during PLW
is related with the dynamics of welding bath. This is
influenced by welding process variables, destruction
of keyhole, and solidification processes [22]. In addi-
tion, at a high temperature gradient in a liquid bath the
protection has cannot escape after rapid solidification
and forms a cavity in the seam root. The influence of a
plasma channel is also known. Upon violation of weld-
ing this can lead to formation of vacuum pore in WJ
[23]. In addition, formation of porosity in WJ is influ-
enced by hydrogen [23—26] and evaporation of alumi-

num during welding [27]. Therefore, the production of
faultless WJ from Ti,AINb-based alloys on is a com-
plicated problem which requires for selection process
variables of PLW. Thus, this work is devoted to deter-
mination of the influence of PLW process variables on
geometrical sizes and defect structure of welded joints,
structure and mechanical properties of WJ from a
Ti,AINb-based alloy.

Experimental

The material for forging operations and subsequent
welding procedures was presented from a plate of the
Ti,AINb-based VTI-4 alloy (its chemical composition,
at.%: Ti—23A1—23Nb—1.4V—0.8Zr—0.4Mo—0.4Si)
obtained by triple remelting in a vacuum arc skull fur-
nace. The multiaxial deformation of workpieces cut
out from this plate with the sizes of 40x30x60 mm was
achieved using a DEVR 1000 modified press (Russia)
equipped with a Mikrolnstrument Miterm T3 heat-
ing furnace (Russia). During forging, the temperature
of dies was 965 £ 5 °C. The preheating of workpiece
to 970 °C was carried out in a Nabertherm furnace,
mod. No. 321 400v3/N/PE (Germany) in 30 min. The
multiaxial forging was comprised of abc deformation
(Fig. 1, a) at the speed of <0.1 mm/s, i.e. consecutively
in the directions of axes a, b and ¢ with the deforma-
tion degree of 50 % in each case. In order to obtain
hexagonal profile, at the last stage the obtained rec-
tangle was drawn at the edges by 7 = 2 mm. The forged
workpiece was subsequently cooled in air. The external
view of the workpiece after deformation is illustrated
in Fig. 1, b.

The PLW was carried out using a LAT-S-300 la-
ser facility (Russia) with repetitively pulsed impact of
Nd:YAG laser (1.064 pm) equipped with an L-5010-A
automated coordinate table and a L-101-ChPU con-
troller. Samples in the form of plates with the sizes of
24 x 12.5x 1.5 mm from the VTI-4 alloy were exposed to
single side butt welding. The welding joints were selected
in the voltage ranges of 280—320 V and pulse duration
of 3—6 ms:

— rectangular pulse with the step between pulses of

0.25 mm;
— flow rate of protecting gas Q, = 2.5 bar (ar-
gon 4.8);

— axial gas supply along the direction of laser radi-

ation with holding of 5 s before start of welding;

— water flow rate Q,, = 0.5 m’/h;

— focal distance: 0.0 mm (on the surface of welded

workpieces);

— welding speed: 0.3 m/min.
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Fig. 1. Multiaxial forging of the VT1-4 alloy on a DEVR 1000 modified press
a — forging sequence; b — appearance of the forging obtained in the range # = 950+975 °C

Puc. 1. Mynsruoceas koBka criaBa BTU-4 na mogudunuposannom npecce DEVR 1000

a — cxeMa KOBKU; b — BHEIHUI BUII TTOKOBKU, TIOJYYeHHOI B uHTepBaje ¢ = 950+975 °C

Depending on the welding mode (see Table) the
peak power (Ppe,i) Was varied from 2.17 to 3,21 kW,
the average power was P, = 32+90 W (Fig. 2). The
PLW modes underwent preliminary testing on plates
of the VTI-4 alloy. Herewith, the welding parameters
were varied in a wider range. In addition, welding volt-
age and speed were selected on the basis of previous
results [3, 14].

Samples for welding and subsequent mechanical
tests were cut out using a Sodick VL400Q electric ero-
sion machine (China) in accordance with the layout
illustrated in Fig. 3, a. The surfaces of cutout plates
before welding (24 x 12.5 x 1.5 mm) were polished using
Struers SiC FEPA emery paper with a grain size of
P220 (68 um), and the surfaces of welded edges were
polished using emery paper with the grain size P1000
(18 um).

Modes of pulsed laser welding of VTI-4 alloy

PexxrMbl UMNyJIbCHOI JTa3epHOI CBapKU
criaBa BTU-4

PLW Voltage U, Pulse duration T,
mode No. A\ ms
1 280 3
2 300 3
3 320 3
4 280 6
5 300 6
6 320 6

60

P W

peak>

100

3500

80

- 60

- 40

20
uv

1500

280 290 300 310

Fig. 2. Energy parameters of pulsed laser beam welding
modes

T =3 ms (solid lines), T = 6 ms (dashed lines)

Puc. 2. DHepreTuueckue napameTpbl pexkumon UJIC

T = 3 Mc (CILIOLIHBIE TUHUU), T = 6 MC (IUTPUXOBHIE)

The surfaces of samples for mechanical tests
and microstructural studies were prepared also us-
ing emery paper with a grain size of P220 to P2000
(5—7 pum) at Baipol Metco (India) and Struers
LaboPol-5 (Denmark) machines. The surface was
polished using Struers MD Chem (Denmark) cloth
polishing wheel with OP-S NonDry (SiC) suspen-
sion.

Before operation using an electron microscope, the
polished surfaces were cleaned from impurities in a Sap-
phire ultrasound bath (35 kHz) in acetone in 15—30 min
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Fig. 3. Layout of sample preparation and microhardness measurement

a — cutting out of a sample from a forged workpiece for welding and subsequent uniaxial tensile testing;
b —measurement of microhardness in the cross section of the welded joint (0 — welded joint center)

Puc. 3. CxeMbl TOATOTOBKY 00Pa3I0B U U3MEPEHU ST MUKPOTBEPAOCTHU

a — pe3ka 00pasioB U3 MOKOBKM U3 ciiaBa BT -4 st cBapKu 1 MOCIENYIONIMX MEXaHUIECKUX UCTTBITAHUI Ha OMHOOCHOE PACTsSKEHUE;
b — u3MepeHne MUKPOTBEPAOCTU B MTOTIEPEYHOM CEYeHHM CBApHOTO 111Ba (0 — IIEHTp CBApHOTO 111Ba)

with subsequent cleaning using a Plasma Cleaner Fis-
chione machine (USA) in 30 min. The uniaxial tensile
tests were performed using an Instron 5882 test machine
(Great Britain) at ambient temperature at the loading
rate of 1073571,

Microhardness was determined on polished sam-
ples in transversal cross section of welded joints ac-
cording to ISO 22826. The measurements were carried
out with a step of 0.15 mm at a distance of 1/3 and 1/4
of the plate thickness depending on the depth of pen-
etration (Fig. 3, ). The measurements were carried
out using a Vickers 402M VD hardness meter (the Ne-
therlands) with a load of 0.2 kg and an indentation
time of 10 s (HV, ,). Control and data acquisition were
carried out using Hardtest Wolpert Group software
(the Netherlands).

Microstructural studies were carried out using a
Nova NanoSEM 450, FEI Q200 and Q600 3D mi-
croscopes (Czech Republic) equipped with backs-
cattered electron detector (BSED) at accelerating
voltage of 20—30 kV. Identification of geometrical
patterns of structural areas of welded joints, data
processing of phase and microtextural analyses were
carried out using ImageJ and TSL OIM Analysis
9 software (USA). EBSD analysis was carried out
in backscattered electron diffraction including re-
cording of grain misorientation map. A sample for
EBSD analysis was fixed at test table using carbon
adhesive No. 502. A sample inclined at the angle of
70° to horizontal was scanned with the step of 1—3
um by electron beam with the accelerating voltage of
20—30 kV.

Results and discussion

Description of initial material

The initial structure after multiaxial deformation
of workpieces from the VTI-4 alloy is illustrated in
Fig. 4. The microstructural studies in the transversal
cross section of a sample processed by multiaxial forg-
ing revealed the homogeneous structure comprised
of globular particles of a,-phase with the diameter of
2—5 um, laminar O-phase and fine grain B-matrix.
The coarse primary grains of B-phase extended in
the direction of final deformation are observed (see
Fig. 4, b). They are fragmented into finer subgrains
with the size of 152 um (see Fig. 4, a). Along the
boundaries of the latter, the globular particles of
o,-phase are located uniformly distributed over the
volume. The plates of O-phase are present inside the
subgrains of B-phase (see Fig. 4, b).

Visual Dimensional Inspection
of Welded Joints

The external appearance of welded joint produced
in various PLW modes is illustrated in Fig. 5. Using
modes 7, 2 and 4, 5 (U = 280+300 V, T = 3+6 ms),
the WIJ of a silver color were formed without signif-
icant convexities and shrinkage craters. Visually the
welded points are of uniform round shape with fine
flakiness (0.22+0.02 mm), the seam width: ~1.1 mm
at pulse duration of 3 ms (see Fig. 5, a—c¢) and
~1.5 mm at 6 ms, respectively (see Fig. 5, d—f). How-
ever, upon a voltage increase to 320 V, on the WJ]
surface overlaps were detected as well as heterogene-
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Fig. 4. Microstructure of forged workpiece from the VTI-4 alloy before pulsed laser beam welding

a — inverse pole figure map; b — BSE-SEM images of the microstructure after multiaxial deformation (the last deformation during multiaxial
forging was vertical)

Puc. 4. MuxkpocTpyKTypa KoBaHoli 3arotroBku u3 criaBa BTU-4 no nposenenus MJIC

a — Kapra pacrpeeyeHs OpueHTUPOBOK; b — cHuMku BSE-SEM MUKpPOCTpYKTYpHI MOC/IE MYIBTHOCEBOU nedopmanivu (TIOCIeTHsIs
nedopmartiys mpu MyJIbTHOCEBOM KOBKE MPOXOIUIIA BEPTUKATBHO)

Welding
direction §

Fig. 5. Appearance of the welded joint from the VTI-4 alloy depending on the modes of laser welding, voltage and duration
of the laser radiation pulse

a—mode I,b—2,¢—3,d—4,e—5f—6

Puc. 5. BHemHuit Bua cBapHoro coenvHeHus u3 criaBa BTU-4 B 3aBucumoctu ot pexxumo MJIC, HanpsiskeHu st
U AJUTEIbHOCTU UMIYJIbCA JIA36PHOTO U3JyYEHU S

a—pexuM I,b—2,¢c—-3,d—4,e—5,f—06

ous flakiness at T = 3 ms (Fig. 5, ¢) and splashing at of keyhole formation, promoting formation of coarse
Tt = 6 ms (Fig. 5, /). pores [22, 28], thus impairing the quality of welded

High peak power and an increase in average pulse joint. In addition, the energy density increases with
power lead to violation of thermal hydraulic processes pulse peak energy, and as is known, the higher the en-
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ergy density, the more intensive is the collapse of bub-
bles, hence, the probability of formation of coarse pores
increases [20].

Studying microstructure
of welded joint

Transversal structure of welded joints produced in
various PLW modes according to BSE-SEM and EBSD
analyses is illustrated in Figs. 6 and 7. The transversal
WIJ was exposed from above to the impact of laser beam
in pulsed mode with laser focusing on the surface of
welded samples (focal distance is zero). The WJ shape is

Incomplete
penetration

Incomplete
penetration

100 pm
I

knife-like, characterized by the penetration depth and
width (Fig. 8). The welded joint in the mode of knife fu-
sion penetration is formed due to material evaporation
and plasma formation on the surface. High temperatures
on the surface and vapor pressure lead to expansion of
the top part of WJ in comparison with its bottom part,
thus forming a mushroom shape of the seam [29]. Fine
internal pores with the diameter of 20—35 um were de-
tected. They are located mainly in the root and center
of WJ (Fig. 6, a—e). First of all, occurrence of the pores
is related with chemical activity of titanium alloys with
respect to gases, which leads to formation of pores and

SOfm
e == =

Fig. 6. Comparative analysis of microstructure of the welded joint from the VTI-4 alloy depending on the modes of pulsed

laser beam welding
a—mode I,b—2,¢—-3,d—4,e—5f—6

el — melting zone; e2 — fusion line and first heat-affected zone; e3 — second heat-affected zone

Puc. 6. CpaBHUTEbHBIN aHAaTU3 MUKPOCTPYKTYPHBI CBAPHOTO coennHeHus u3 crutaBa BTU-4 B 3aBucumoct

ot pexxumon UJIC
a—pexuM I,b—2,¢c—3,d—4,e—5,f—6

el — 30Ha ruaBIeHus; €2 — JTMHUSI CIUIaBJIeHUST U nepBasd 30Ha TCPMUUYCCKOTO BJIMAHUA, e3 — BTOpad 30Ha TCPMUYECKOI'O BIIMAHUA
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cracks during welding [30]. Keyhole oscillations can
cause more intensive formation of bubbles and their col-
lapse will lead to formation of coarse pores and pores
which do not have time to float remaining in the WJ
central part [20].

When mode 6 is used (U = 320 V, T = 6 ms), the
number of transversal pores with a diameter of 40 +
+ 5 um increases (Fig. 6, f). In addition, incomplete
penetrations were detected in the seam root character-
istic for modes with fusion depth of less than 1.5 mm
(Fig. 6, a, b, d).

Figure 6 also illustrates that the welded joint has the
melting area (MA) (Fig. 6, el), the heat affected zone
(HAZ), separated by the fusion line (FL), and the area
of the base metal (BM) (Fig. 6, €2, e3).

It was established that the MA is comprised of
B-phase, at the MA—FL interface the grains of f-phase
have a more elongated shape, and with an increase in the
average power of laser beam up to ~80 W their length
increases from ~120 to ~190 um (Fig. 7, a—f). With a
further increase in the average power (mode 6) the size
of elongated grains of B-phase decreases to ~170 pum.
This is attributed to better heat removal upon forma-
tion of opposite beam of the WJ root (Fig. 7, f). At the
MA—FL interface o,- and O-phases were complete-

ly dissolved upon heating and no back transformation
took place upon cooling. At the boundary of the fusion
line and HAZI1, there are no coarse globular grains of
B-phase (Fig. 6, €2). Presumably, this is attributed to
high temperature gradients stipulated by the PLW pro-
cesses, when local impact of each pulse is accompanied
by rapid cooling [31].

In turn, the area of thermal impact in terns of re-
vealed structural constituents can be subdivided into
HAZ1, comprised of B + o, phases (Fig. 6, €2), and
HAZ2, structurally comprised of B + o, + O phases
(Fig. 6, €3). In the HAZI area, the globular o,-phase
was partially retained, since for completion of o, — B
transformation higher temperatures are required [32].
Contrary to the base metal, in HAZ?2 the O phase upon
heating is partially transformed into B phase, where-
as the o,-phase is actually retained. Transition from
HAZI1 to HAZ?2 is gradual and accompanied by an
increase in the fraction of the o,-phase. During tran-
sition from HAZ2 to BM the fraction of the O-phase
increases.

In center of the IPF EBSD maps cast, the structure
of MA welded joint is observed. It is comprised mainly of
elongated dendrites of B-phase, and in the FL region and
in the central part of MA — of globular grains of B-phase

Fig. 7. EBSD analysis of welded joints from the VTI-4 alloy depending on PLW modes

a—mode I,b—2,¢—-3,d—4,e—5f—6

Puc. 7. EBSD-ananu3 cBapHbIX coeqnHeHuii u3 ciaaBa BTH-4 B 3aBucumocTu ot pexkumon UJIC

a—pexuM I,b—2,¢—3,d—4,e—5,f—6
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Fig. 8. Parameters of microstructure of welded joints from the VT1-4 alloy (), their geometrical parameters (b)

and penetration depth (c¢) depending on the PLW modes

T =3 ms (solid lines), T = 6 ms (dashed lines)
a: L — length, B — width of dendrites at FL boundary, C — grain size
b: h — depth, b — width of the weld

Puc. 8. [TapaMeTpbl MUKPOCTPYKTYPHI CBapHBIX MBOB U3 ciutaBa BTU-4 (a), ux reomeTprueckue mapametpsl (b)
¥ TJIyOMHa TIpOIIaBiIeHMs (€) B 3aBUCUMOCTH OT pexkumoB UJIC

T = 3 Mc (CIUTOLIHBIE IUHUU), T = 6 MC (IITPUXOBBIC)

a: L — nnuHa, B — mvpuHa nenaputos Ha rpanuiie JIC, C — pa3mep 3epeH

b: h — ry6uHa, b — 1IMPUHA CBAPHOTO I1IBa

(Fig. 7). The length of dendrites and the penetra-
tion depth increase from 11920 to 192+15 um with
an increase in the laser power from 40 to 80 W. The
width of elongated dendrites nearly does not change and
retains in the range of 23—35 um (Fig. 8, a). In welding
mode 6 (U= 320V, T = 6 ms), the welding bath is de-
flected, the length of dendrites decreases to 167£15 pum,
and their width in the central region of MA increases to
13010 pum.

The peak power of laser beam influences not on-
ly on the penetration depth (Fig. 8, a), but also on the
external shape of the seam. Usually in the case of re-
petitively pulsed lasers, the energy density reaches F =
= 10°+10” W/cm? at the pulse duration of <1073 s. At
the peak power higher than 2.7 kW (Fig. 8, b) the en-
ergy density increases to >107, leading to violations in
WIJ formation, namely: splashing of liquid metal and
overlaps (Fig. 5, ¢, f).

The width of welded joint at equal focal distance
of laser depends on the duration of laser pulse impact:
on average at T = 3 ms it equals to 1.05+0.1 mm, at T =
= 6 ms to 1.45+0.1 mm (Fig. 8, b). The penetration
depth mostly depends on the laser energy density, at its
peak power of 2.1 kW (Fig. 8, ¢) the penetration is 27 %
of the thickness of welded plates; in welding mode 3

(U= 320V, 1= 3 ms with the peak power of 3.2 kW) —
80 %. At a pulse duration of 6 ms and the voltage
of 300 V and higher the complete penetration depth of
plates from the VT1-4 alloy with the thickness of 1.5 mm
is achieved (Fig. 8, ¢).

Studying mechanical properties
of welded joints

The plots of microhardness and mechanical proper-
ties upon uniaxial tension of welded joints are illustrat-
ed in Figs. 9 and 10. The microhardness of transversal
welded joints is about 340+20 HV) ,, and that of base
metal about 345+10 HV,. In the HAZ region, the
microhardness decreases to 3305 HV, ,. Generally,
for Ti,AINb-based alloys, the dispersion strengthening
of O-phase is the main mechanism of strengthening.
Therefore, due to the absence of O-phase in the re-
gion of HAZ1 and MA, the microhardness is the low-
est. While the extent of conversion of O-phase into
B2-phase decreases from the welding area to HAZ?2,
the hardness profile demonstrates a trend towards an
increase to the base metal [33, 34].

The variation of microhardness profiles in the
HAZI1-2 region in comparison with BM and MA
is related to changes in volumetric fraction and si-
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zes of equiaxial phase o,, which is mainly distribu-
ted along the boundaries of primary grains of B phase
[35]. With an increase in the average laser power, the
size of equiaxial o,-phase (o = 3.1£2.0 pym in BM)
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in HAZ nearly does not change from the average size
of 2.842.0 um (in welding mode /) to 2.5+2.0 um
(in welding mode 6). The phase composition of o,
in HAZ does not differ significantly from BM (~3 %
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Fig. 9. Distribution of microhardness in the cross-section of welded joints from the VTI-4 alloy depending

on PLW modes
a—mode I,b—2,¢c—3,d—4,e—5f—06

Puc. 9. PactipenesieHne MUKPOTBEPIOCTH B MOTIEPEYHOM CEYSHU M CBApHBIX IIBOB U3 crijiaBa BTU-4 B 3aBucuMocT

ot pexumon NJIC
a—pexuM I,b—2,¢c—3,d—4,e—5,f—6
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Fig. 10. Tensile diagram (a) and mechanical properties (b) of welded joints from the VT1-4 alloy depending on PLW modes

(numbers near curves)

Puc. 10. /luarpamma pactskeHus (@) 1 MexaHu4deckue cBoiicTBa (b) cBapHbIX coeauHeHu# u3 criaBa BTHU-4

B 3aBUCUMOCTH OT pexxumoB NJIC (uudpsl y KpUBBIX)

o, phase), since in PLW modes /—3 and 5 the fraction
of o, in HAZ does not exceed 2.5 %, and in modes 4
and 6 — 3+5 %.

Therefore, minor changes in the sizes, phase com-
position, and distribution of a,-phase along the boun-
daries of primary grains of B-phase lead to variations
in microhardness profiles transversal to WJ in various
sites. Upon welding in mode 6 (U= 320V, 1= 6 ms) in
the MA region, a microhardness peak of 365 HV , can
be observed. This is related to partial saturation with
oxygen [36]. In this case gas was supplied along the la-
ser impact on the surface of welded plates which does
not eliminate completely the bath contact with ambient
air from the side of seam root.

Mechanical properties of initial VTI-4 alloy are as
follows: 6, = 1250 MPa, 6, , = 1200 MPa, & = 2.07 %.
The strength properties of welded joint are about
80 % of the strength of base metal are achieved at weld-
ing mode 5 (U= 300V, t = 6 ms). Further increase in
the voltage up to 320 V leads to violation of PLW pro-
cess and the occurrence of external defects, exerting
a negative influence on the strength properties. With
a decrease in the voltage to 280 V complete penetra-
tion (<70 % of the plate thickness) of welded joint is
not achieved, and the strength is ~40 % of that of the
base metal. The joint is not welded for full depth acts
as the stress concentrator, thus impairing the strength
properties.

The plasticity of welded joints in all cases decreases
(Fig. 10, b), since the PLW as well as other method of

fusion welding is accompanied by formation of coarse
columnar B2 structure [13]. Plasticity can be increased
by means of subsequent thermal treatment of welded
joints [32].

Studying porosity
in welded joint

Fractures after tensile tests are illustrated in Fig. 11.
The sample thickness in Fig. 11, a was decreased due
to localized heating on plate surface and its intensive
deformation, as a consequence a portion of metal was
removed as in Fig. 11, e, due to heterogeneity of welded
joint, undercutting and metal splashing.

The fracture of welded joint in all cases is in the MA
region closer to the FL boundary. On the fracture sur-
face, a river relief is observed. On the fracture surface,
the highest number of gaseous pores occurs (Fig. 11,
a—d) and extended secondary cracks (Fig. 11, al, el)
appear. Such microcracks are nucleated and propaga-
ted along the grain boundaries of f-phase due to the
absence of deformation inside the grains. The fractures
observed in this work are characteristic of the weld-
ed joints with the structure of B-phase, where during
breaking the crack in the foundation of river line is split
[13, 37].

The size and distribution of pores decrease with an
increase in the laser power. At low heat input the coarse
pores are concentrated on seam root. This is attributed
to the violation of keyhole. With an increase in the ener-
gy the pore size decreases, the pores are distributed over
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Fig. 11. Morphology of fracture surface of tensile specimens depending on PLW modes
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the entire volume providing more favorable conditions
for floating of gas bubbles.

At the fracture of samples welded in mode 3 (U =
= 320 V, T = 3 ms), a sawtooth WJ root was detect-
ed, providing for complete penetration in some places
(Fig. 11, b). Coarse pores are distributed non-uniformly
over the fracture. In the WJ root and center, the high val-
ues of peak laser power with regard to its average exerts
a negative impact on formation of keyhole. This leads
to formation of coarse (Fig. 11, b) and fine (Fig. 11, bl)
pores in the seam cross section [27].

Therefore, it can be seen (Fig. 11, a, b) that in the
transversal cross section of a welded joint under the
impact of short pulse and high voltages, the sawtooth
seam root is more pronounced with the formation of
coarser spherical pores with the sizes of 150—200 um
(modes 2 and 3). With a twofold increase in the duration
of the laser radiation pulse the sawtooth seam root is less
pronounced (Fig. 11, ¢), and finer pores are formed: up
to ~100 um (mode 4). Due to the stabilization of key-
hole in mode 5 (U = 300V, T = 6 ms), maximum pore
content is achieved using optimized welding parame-
ters [38]. However, in mode 5, fine spherical pores with
the sizes of 10—30 um are concentrated in the bottom
part of the welded joint, which can be attributed to lo-
cal incomplete penetration (Fig. 11, d1). The rare oc-
currence of single spherical pores with the size up to
~100 um in the central part of transversal cross section
of welded joint can be attributed to local incomplete
penetration (Fig. 11, d).

Porosity decreases the effective surface area of
welded joint cross section, makes it loose, decreases
plasticity, and also acts as a stress concentrator [24].
This can be attributed to crack nucleation and its
propagation to the WJ root in the welding mode 2 (U=
=300V, t = 3 ms) (Fig. 11, al). Existence of coarse
pores in welded joint cross section in modes 2 (~11.5 %)
and 3 (~3.8 %) increases the volume of their total frac-
tion in respect of fracture cross section (Fig. 11, a, b).
With an increase in laser power and pulse duration, the
fraction of pores in the transversal cross section de-
creases, equaling for mode 4 (U = 280 V, T = 6 ms)
to <2 % (average power: 60.8 W), and for the rest not
higher than 1 %.

Conclusions

Due to the preliminary preparation of the structural
state of material after multiaxial abc forging of a work-
piece with heating up to 970 °C at the rate of <0.1 mm/s
and deformation degree of 50 % in each case, as well
as the use of optimum pulsed mode of laser welding, a

faultless high quality welded joint was obtained from the
Ti,AINb-based VTI-4 alloy with the strength properties
at the level of ~80 % of the base metal.

In the case of the LAT-S-300 laser facility the opti-
mum PLW conditions for sheet material from the VT1-4
alloy with the thickness of 1.5 mm, where the volumetric
portion of pores does not exceed 1 % of the cross section
of the welded joint, are as follows:

— pulse voltage: 300 V;

— pulse duration: 6 ms;

— step between pulses: 0.25 mm;

— flow rate of protecting gas: 2.5 bar;

— focal distance on the surface of workpieces is zero;

— welding speed: 0.3 m/min.

It was established that the melting area of the welded
joint during PLW is comprised of B-phase, while a,- and
O-phases were completely dissolved upon heating. Due
to the high temperature gradients stipulated by PLW
processes, the heat affected zone is comprised of the
of B+ oy and B + o, + O regions.

It was demonstrated that the reasons for the porosity
of the welded joint upon PLW of the VTI-4 alloy are as
follows:

— violations of thermal hydraulic processes;

— formation of sawtooth seam root with incomplete

penetration;

— no protecting gas backing from the side of seam

root;

— splashing of liquid metal,

— overlaps on seam surface;

— non-uniformity of pulse application.

All these factors lead to additional cracking, heter-
ogeneity of the melting area and, as a consequence, to
poorer mechanical properties.
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Abstract: We conducted a study on fatigue in flat samples of the VT3-1 titanium alloy using “soft” cyclic beam bending tests. For this
purpose, we developed an innovative electromagnetic test bench. The test bench's electromechanical system induces mechanical vibrations
at a frequency that matches the eigenfrequency of the sample, ensuring that the cyclic load frequency remains constant. The electromagnetic
force bends the sample while the elastic force unbends it, producing a quasi-sinusoidal cyclic load. Through our investigation, we determined
the impact of this cyclic loading on both cyclic strength and durability. Our findings indicate that the VT3-1 titanium alloy possesses high
resistance to fatigue and an endurance limit. Furthermore, we observed a low variability of the experimental fatigue resistance in relation
to the approximating fatigue curve, suggesting the alloy has high structural stability. This finding indicates that the VT3-1 titanium alloy
possesses high structural stability. To assess eigenfrequency stability, we subjected the alloy samples to cyclic tests, interrupting them at a
reference number of 50 million cycles to evaluate changes in eigenfrequencies and stability under loads close to the fatigue limit. The results
showed that the titanium alloy has a high level of eigenfrequency stability. Interruptions in cyclic tests resulted in jump-like increases in
eigenfrequencies, which was not observed in continuous tests. Nevertheless, the total eigenfrequency deviations from the initial value at the
end of the tests were similar in both cases.
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Annoramusa: ViccienoBaHbl 00pa3iibl TUTAHOBOTO cryiaBa BT3-1 Ha ycTanocTh pu HarpyKeHUU MO «MATKOI» cXxeMe KOHCOJIbHOTO
n3ruba miIockux oopasuos. [1as Takux uccieoBaH il Oblaa pa3paboTaHa opUrnHadbHas 2JeKTpOMarHuTHas ycTaHOBKa. B Heii pea-
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JIM30BaHa paboTa Ha OCHOBE JIEKTPOMEXaHMUECKON CUCTEMBI, B KOTOPOI BO3OyXAeHMEe MEXaHUYECKUX KOJIeOaH Ui OCYILeCTBIISIETCS
ncxois U3 COOCTBEHHON YacTOThI KoJieOaHU S UCITBITYEMOTro oOpaslia, T.e. peaju3yeTcs peXXuM, KOrjia 4acToTa BO30y X Aatouleil CUJIbl
(4acToTa UMKJIMYECKOTO HATPyXEeHM ) BCETJa paBHA 4YacTOTe COOCTBEHHBIX KojebaHuit oOpa3ua. M3rubd odbpasua npousBoaUTCS
2JIEKTPOMATHUTHOU CUJIOH, a pa3rud MPOUCXOAUT MO AeCTBUEM CHUJI YIIPYTOCTH MaTepuasa, TeM caMbiM o0ecredynBaeTCs K-
yeckoe HarpyxeHue, 06J1M3Koe K CMHycouaaibHOoMy. M3yueHO BAMSIHUE pealn3yeMOro B NaHHOW yCTAHOBKE BUIA IIUKIMYECKOTO
HarpyXeHHusl Ha UMKJIUYECKYIO MPOYHOCTb U J0JTOBEUHOCTh. YCTAHOBJICHO, YTO UCCAEAYEMbIif TUTAHOBBII CIJIaB UMEET BbICOKHUE
XapaKTepUCTUKU ITOKa3aTeJseil CONPOTUBIEHUSI YCTAJIOCTU U NIpeesia BBIHOCIMBOCTHU. B Xo/1e MpoBeIeHHBIX HCCIel0BaHU I OTMEUEH
HeO0O0JIbIION pa3dpoc IKCIEPUMEHTATbHBIX 3HAYEHU I CONPOTUBJIEHUS YCTAJOCTU 00pa31l0B OTHOCUTEbHO alllpPOKCUMUPYIOLLEi
JIMHUU KPUBOW YCTAJIOCTHU, YTO CBUJETEIBCTBYET O BBICOKOU CTAOMJIBHOCTU CTPYKTYPHO-UYBCTBUTEIbHBIX CBOUCTB TUTAHOBOTO
cnaBa BT3-1. Takske ucciaenoBaHbl 00pa3iibl 3TOrO CIJIaBa Ha YaCTOTHYIO CTA0MJIBHOCTD. 32 KOHTPOJIbHOE YMCJIO HAapaboTKU ObLIO
npuHATO 50 MJIH UUMKJIOB HAarpyXeHusl, MPU KOTOPBIX MPOBOAMIACH CPABHUTEIbHASI OLIEHKAa U3MEHEHUST YaCTOTHBIX XapaKTepu-
ctuk. [IpeacraBieHbl YaCTOTHBIE XapaKTePUCTUKU U BbISIBJIeHA JMHAMMKA YaCTOTHOM CTAOMJIBHOCTU UCTbITAHUN 00pa3LoB MpuU
Harpyskax, 0JM3KUX K Mpeaeay ycTaJoCTH. YCTAaHOBJIEHO, YTO UCCAeAYEeMbIil TUTAHOBBII CIJIaB UMEET BICOKME 3HAYEHU ST YaCTOT-
HOU cTabuibHOCTU. [1pu 3TOM nepepbiBbl B UMKIUYECKUX UCTIBITAHUSX MPUBOAST K CKAUKOOOPa3HOMY MPUPOCTY YaCTOTHI, a MPHU
HEIMpPEPBIBHBIX UCTIBITAHU X TAKOTO HE HAa0JI10Ja10Ch, OAHAKO 0011lee OTKJIOHEHHWE YACTOThl OT MEPBOHAYAIbHON K KOHILYy UCTIbITA-
HUI TPUMEPHO OJUHAKOBOE.

KiioueBble cjioBa: TUTaHOBBII CILJIaB, COMPOTHUBIEHME YCTAJOCTH, YaCTOTHAsl CTAOMJIbHOCTb, YAaCTOTA LIMKJIMYECKOTO HArpyKCHMUS
(YLLH), cobcrBeHHast yactoTa kosiedbanuii (CUK), npejest BBIHOCIAMBOCTH, 10JTOBEYHOCTD, LIUKJIUYECKas TPOYHOCTb

Jas nurupoanus: Llerynos 1.U., MeutbHuKOB B.B., IMutpues D.A. YcTanocTHasi IPOYHOCTh U YACTOTHAS CTAOUJIBHOCTH TUTAHOBOTO

criaBa. Uzeecmus 8y306. Lleemnas memannypeus. 2023;29(2):74—82.

https://doi.org/10.17073/0021-3438-2023-2-74-82

Introduction

Inelastic materials are commonly utilized for
manufacturing spring elements that operate under
complex cyclic loading, as well as components that
maintain their dimensions under loads [1—7]. Inelas-
tic properties observed under cyclic loading can be
referred to as internal friction, imperfect elasticity,
damping, mechanical hysteresis, energy dissipation,
or cyclic load ductility [8]. Many researchers posit
that microplastic deformations arising from cyclic
loading are local and sporadic due to the heteroge-
neity of the material micro-properties. Meanwhile,
others utilize dynamic mechanical analysis under
temperature variations to determine changes in elas-
tic strength and activation energy of the micro defor-
mations [9—12].

We employed a novel experimental procedure to
assess the stability of eigenfrequency in materials uti-
lized for manufacturing elastic elements in high-pre-
cision emitters which convert electrical oscillations
into mechanical vibrations. Even minor fluctuations
in eigenfrequency, resulting from changes in elastic
modulus, inelasticity properties, and atom/lattice
oscillations, can lead to unsatisfactory oscillation
conversion errors and early onset of fatigue failure
[13—16].

The aim of this study is to evaluate the cyclic strength
and eigenfrequency stability of flat samples made of the
VT3-1 titanium alloy under “soft” cyclic beam bending
tests.

Materials and methods

We designed and constructed a specialized auto-os-
cillating electromagnetic bench (see Fig. 1) for conduct-
ing cyclic beam transverse bending tests on flat samples
[17]. The electromechanical system induces mechanical
vibrations at a frequency equivalent to the eigenfrequen-
cy of the sample (thus, the cyclic load frequency always
matches the sample eigenfrequency). The electromag-
netic force bends the sample while the elastic force un-
bends it, producing a quasi-sinusoidal cyclic load (see
Fig. 2).

We produced flat samples following the design de-
picted in Fig. 3. The stress in the reference cross-section
of the sample was determined by analyzing the vibration
amplitude. The proposed method involves establishing a
correlation between the force applied to the sample and
the sample displacement at the point of application and
then estimating the stress based on the known force. We
identified the analytical force-displacement relationship
for the steady mode. It is assumed that under cyclic loads,
the forces applied to the sample (inertia, elasticity, and
external forces) generate maximum stress and displace-
ment equal to those produced by a static load with a mag-
nitude equivalent to the dynamic resultant force.

We tested the VT3-1 high-strength titanium alloy
with the following chemical composition (wt.%): 85.95—
91.05 % Ti;0.2—0.7 % Fe; upto 0.1 % C; 0.15—0.4 % Si;
0.8—2 % Cr; 2—3 % Mo; up to 0.05 % N; 5.5—7 % Al,
up to 0.5 % Zr; up to 0.15 % O; up to 0.015 % H; other
impurities: 0,3 % (GOST 19807-91).
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Fig. 1. Vibration stability test bench

1—bed, 2—sample, 3 — electromagnetic exciter, 4 — power supply and control components, 5 — solenoid coil, 6 — oscillation measuring
system, 7 — ferromagnetic yoke, & — stator, 9 — dampers, 10 — accelerometer, 11 — I1-shaped tape core

Puc. 1. Cxema ycTaHOBKM JJ1s1 UCTTBITAHWI Ha YaCTOTHYIO CTAOMJIBHOCTD

1 — ctanuHa, 2 — obpa3selr, 3 — 2IEKTPOMArHUTHBIN BO30yauTens (OM), 4 — 610K TUTaHWS U aBTOMATUKH, 5 — KaTyIka DM,

6 — U3MepUTeNbHAS CHCTeMa TTapaMeTPOoB TMpoliecca KonebaHuii, 7 — peppoOMarHUTHBIN SIKOPb 3JIEKTPOMAarHUTHOTO BO30YIUTEIS,
& — cTaTop 3JEKTPOMArHUTHOTO BO30yaUTEs1, 9 — BUOPOU30IATOPLI, 10 — 1aTYMK BUOPOYCKOPEHMSI,

11 — T1-00pa3HbIil IEHTOYHBII CepIeUHUK
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cross-section P | |
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Fig. 2. Cyclic beam transverse bending of a flat sample (@). Synchronization of the current pulses, electromagnetic force,
and elasticity force with the sample displacement (b)

Puc. 2. HarpyxeHue mo cxeMe KOHCOJbHOTO IIMKJIMYECKOI0 MOMepeuHOro n3ruba miockoro oopasia (a) u corjacoBaHue
MMITYJbCOB TOKA, 3JIEKTPOMArHUTHOW CUJIbI M CUJIBI YIIPYTOCTHU C IepeMellieHeM KOHCOJIM MCCIeayeMOoro oopasiia
B pa3paboTaHHOI ycTraHOBKe (b)
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Fig. 3. Dimensional drawing of the test samples
Puc. 3. Dckus u pazmepsl 00pa310B TSI UCTIBITAHUS
The service life was set to be 50 million cycles, 900 -2 MPa
and we halted the fatigue tests each night, with the 200
samples being stored under normal loading condi- 200
tions. 0 ° o
As the stress approached the fatigue limit, the tests 6007
became more prolonged, and we kept the test bench op- 500+
erating overnight. However, we observed that the eigen- 4007 T ™ ™
10 10 10 100 N

frequency of the sample altered after an overnight pause,
whereby in the morning, following a 10-hour interrup-
tion, it was higher than the previous night when the test
was halted.

Fatigue test results
and discussion

Fig. 4 illustrates the fatigue curve obtained from the
beam transverse self-oscillating bending tests conducted
on the flat samples. The fatigue resistance, represented by
the slope of the fatigue curve (tgo,, = 0.0394), was found
to be low (or very low compared to [18]), while the en-
durance limit (6_; = 600 M Pa) was high. The fatigue test
results displayed in Fig. 4 exhibited low variability when
compared to the approximating fatigue curve, indicating
the high stability of the alloy’s structural properties.

According to papers [19, 20], the number of cycles
(V) vs. stress (tgo,) curve becomes steeper as the dam-
ageability under cyclic loading increases. It is worth not-
ing that the opposite triangle leg of tgo.,, represents the
stress in the sample, while the adjacent leg represents the
number of cycles to failure:
toa, = dlgo '

dlgN

Fig. 4. VT3-1 titanium alloy fatigue curve after annealing
atr=870°C

Puc. 4. KpuBas ycraaoctu TuTaHoBoro crtaBa BT3-1
nocJjie otxkura rnpu ¢t = 870 °C

The physical significance of tga,, is related to the
propagation rate of local plastic deformation in the
surface layer. In the case of beam transverse bending
tests, only the surface layer of the sample undergoes
plastic deformation, while the rest of the sample ex-
periences clastic deformation. As a result, the propa-
gation rate of plastic deformation in the surface layer
is affected by the elastic deformation of the rest of the
sample.

The slope angle of tga, indicates the increase
in the number of cycles with respect to stress.
A smaller tgo., value corresponds to a longer time
to failure even under high loads. On the other
hand, a steeper slope angle of the fatigue curve
correspond to a higher tgo,, value and a lower en-
durance of the sample. This means the VT3-1 tita-
nium alloy features a low failure rate under cyclic
loading.
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Eigenfrequency test results
and discussion

The key point is to investigate the eigenfrequen-
cy stability under loads close to the fatigue limit. To
achieve this, individual samples were tested for eigen-
frequency stability under the specified load. The sam-
ples used for the eigenfrequency tests had been subject-
ed to different numbers of loading cycles. In order to
make comparisons between the samples, the maximum
eigenfrequency deviation (Aw) is assumed to be the ei-
genfrequency change from the initial value after 50 - 106
cycles. A positive Am deviation represents an increase
in the eigenfrequency, while a negative deviation rep-
resents a decrease.

Fig. 5 and 6 depict the eigenfrequencies of two VT3-1
titanium alloy samples under loads close to the fatigue
limit.

Fig. 5, a displays two envelope curves, with the upper
curve indicating the initial eigenfrequency and the lower
curve representing the final eigenfrequency as the test
bench was stopped after a daily run. The daily eigenfre-
quency changes during the cycle testing are contained
within the area between the two curves.

In Fig. 5, b the eigenfrequencies are presented as a
single polyline. The vertical steps signify the eigenfre-
quency changes following overnight breaks, while the
sloped lines indicate the daily eigenfrequency variations
as the number of load cycles increases.

The sample in Fig. 5, operated at 550 MPa stress, ex-
hibited a total eigenfrequency deviation of 0.27 Hz. This
deviation corresponds to the eigenfrequency deviation
observed during the reference number of cycles (50 min
cycles). However, the largest eigenfrequency deviation of
0.36 Hz was observed approximately in the middle of the
sample’s service life, with the highest deviation occur-
ring after the first 10 million cycles.

The total eigenfrequency deviation observed in the
sample operated at 630 M Pa stress in Fig. 6 was 0.34 Hz,
which decreased to 0.32 Hz after the reference number
of cycles (50 mIn). No other significant eigenfrequency
changes were detected. The largest eigenfrequency vari-
ation occurred after the first 10 million cycles, similar to
the previous case.

It is worth noting that the observed eigenfrequency
deviation was small (0.36 Hz), and its change during the
overnight break was only 0.1 Hz.

Other researchers [21—25] have reported that fatigue
test interruptions have little to no effect on the fatigue
limit but may result in increased cycles to failure. How-
ever, in the case of eigenfrequency tests, our results in-
dicate that interruptions do affect the eigenfrequency of
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Fig. 5. Sample eigenfrequency variations (a)
and deviations (b) vs. the number of load cycles

Initial eigenfrequency wy = 231.28 Hz, load 6 = 550 MPa

Puc. 5. I'pacdbmnyeckue nzodpaxeHust UBMEHEHUs (a)
M OTKJIOHEHU S (b) yacTOThI KoJiebaHUt oOpa3ia
B 3aBUCMMOCTH OT KOJIMYECTBA IIUKJIOB HATPYKECHUS

HauanbHas yactora oy = 231,28 i1, Harpyska ¢ = 550 MI1a

the samples. Specifically, we observed a 0.1 Hz increase
in eigenfrequency when the test bench was turned on
in the morning compared to when it was turned off the
night before.

To provide a comparison, we conducted contin-
uous tests on two samples of VT3-1 titanium alloy
and found that the maximum cigenfrequency varia-
tion for sample / was +0.45 Hz, while for sample 2, it
was —0.09 Hz. This means that the eigenfrequency of
sample / continuously increased, while that of samp-
le 2 slightly decreased.

We also compared the eigenfrequencies recorded in
the continuous and intermittent tests. The continuous
tests did not result in any eigenfrequency jumps typical
of the tests interrupted at night, but the overall eigen-
frequency deviations from the initial value by the end of
the tests were approximately the same. These findings
further support the high stability of the titanium alloy
eigenfrequency.
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Continuous tests of the VT3-1 titanium alloy samples”

o *
PesynbraThl HEeNMpPepbIBHBIX UCITBITAHUI 00pa31lloB M3 TUTAHOBOTO ciyiaBa BT3-1

Sample /

Number of cycles, mln. Frequency change, Hz

1.9 0.13
5.4 0.15
9.5 0.12
12.8 0.22
14.5 0.27
20.3 0.31
23.1 0.38
24.7 0.37
26.3 0.37
27.2 0.43
29.8 0.42
323 0.45
33.5 Failure

Sample 2
Number of cycles, min. Frequency change, Hz

2.0 0.01

4.5 —0.03
5.4 —0.07
10.5 —0.06
14.8 —0.04
19.0 —0.04
233 —0.05
24.2 —0.07
259 —0.08
26.1 —0.11
27.6 —0.10
28.6 —0.09
29.4 Failure

“Sample 1. Stress U= 550 MPa, initial eigenfrequency = 231.28 Hz; sample 2: U= 580 MPa, o, = 238.8 Hz.

Aw, Hz
4

0.
0.3 w

0.2 1

TN e

10 N, 10’

0 1 2 3 4 5 6 7 8 9

Fig. 6. Sample eigenfrequency deviations vs. the number
of load cycles

Initial eigenfrequency w, = 236.9 Hz, load ¢ = 630 MPa
Puc. 6. I'padryeckoe n300paxkeHe OTKIOHEHU I YaCTOThI

KoJiebaHuMt oOpa3iia B 3aBUCUMOCTU OT KOJIMYECTBa
LIMKJIOB HATPYKEH U

HauvanbHast yacrora my = 236,9 I, Harpyska 6 = 630 MI1a

Conclusion

The fatigue behavior of VT3-1 titanium alloy flat
samples was assessed using a “soft” self-oscillating cyclic
beam bending test. The results indicated high fatigue re-
sistance, with tga, value of 0.0394 and an endurance lim-

it of 6_; = 600 MPa. The fatigue test results also showed
low variability relative to the approximating fatigue curve,
suggesting high stability of the VT3-1 alloy eigenfrequen-
cy. The maximum eigenfrequency deviation observed was
0.36 Hz. However, cyclic test interruptions resulted in a
jump in eigenfrequency of 0.1 Hz. Comparing the results
of continuous and intermittent tests showed that both tests
resulted in a similar total eigenfrequency deviation.

Overall, the VT3-1 alloy is well-suited for the man-
ufacture of dimensionally stable components with low
inelastic properties.
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